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INTRODUCTION. 
In this thesis attention is focussed to some problems concerning the 
(crystal) chemistry of tooth enamel and partly of other calcified tissues 
like dentin and bone. 
First some general remarks will be made in this introduction about the 
mineral of calcified tissues especially of tooth enamel to introduce these 
problems and to provide a rationale for the experimental and theoretical 
work described in this thesis and then a summary of this work is given. 
General 
Calciumphosphates like whitlockite, apatite and octacalciumphosphate 
(OCP) are of importance for biological structures like teeth and bone. 
Whitlockite is the main magnesium containing compound in dental calculus, 
apatite is the prototype of calcified tissues like enamel, dentin and 
bone and OCP is thought to play a role as a precursor phase in the process 
of crystal growth of biological apatite [l - ЗІ . 
Enamel is the structure which is in contact with the oral environment 
and so the first potential site where caries (tooth decay) can occur. During 
the caries process the mineral content of tooth enamel decreases although 
normally an intact surface layer remains [ Ό . 
Tooth enamel consists of an organic matrix and water and 96% of mine­
ral, which is mainly and possibly solely apatite. Apatite is a structure 
in which many substitutions can occur. Tooth enamel also contains a variety 
of impurities as is shown in table 1 from ref. [5] · 
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Table 1. Major inorganic constituents of human enamel 
Constituent Average Range 
content, ? 
Ca 36.1 33-6 - 39.^ 
Ρ 17.6 16.1 - 18.0 
C0 3 k.O 2.7 - 5.0 
Na 0.6 0.2 - 0.9 
Mg 0.2 0.2 - 0.6 
Cl 0.2 
К 0.03 
F 0.01 
Most of these impurities are known to be incorporated in the apatite lat­
tice, however for magnesium no clear evidence exists for its incorporation 
in the apatite lattice. 
Some of the impurities like Mg, Na and CO. are known to be preferentially 
lost during the caries process and different theories for the explanation 
of this phenomenon have been provided [ 6 - 12 ] . 
Tooth enamel is a highly crystalline structure which gives a rather 
clear X-ray diffraction pattern, much more clear than dentin or bone. The 
mature enamel crystals are needle like, but the crystals of young active­
ly calcifying enamel are plate like. This plate like morphology of biolo­
gical apatitic crystals is also found in the mineral particles of dentin 
and bone [13 - 19] > and raises the question of how this is consistent with 
the hexagonal symmetry of apatite. Different suggestions have been given 
to explain this phenomenon amongst which the hypothesis that OCP (having 
a low symmetry) is a precursor phase of apatite and responsible for the 
unexpected habit of biological apatitic crystals Í2, 3, 20] . 
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Scope and Summary 
In chapter I - III the ternary phase diagram CaO- MgO - PjO- is in-
vestigated to gain insight in the stability of magnesium containing cal-
cium phosphates at high temperatures. Different compositions within the 
borders of the ternary phase diagram are made and heated until no more 
changes in phase composition occur. 
For the investigation of the products, different techniques are used 
like X-ray powder diffraction (to determine phase compositions and (chan-
ges in) lattice parameters) and IR spectroscopy (to determine substitutions 
of OH and C O j . 
Three different calcium phosphates containing magnesium have been syn-
thesized, however no magnesium could be detectably incorporated in apatite. 
In chapter IV the results about the stability of Mg containing apa-
tites for various experimental conditions are summarized and the litera-
ture on this subject is reviewed. Also in chapter IV an experiment on the 
incorporation of Mg in F- and C1-apatite is described and here the know-
ledge gained in chapter I on the relation between the lattice parameters 
and the Mg contents of whitlockite is essential. Apart from incorporation 
of magnesium in the apatite lattice other possibilities for the presence 
of this impurity in tooth enamel have been suggested in the literature. 
These other possibilities are that magnesium is adsorbed or present in a 
separate mineral phase (for which no direct evidence exists) or magnesium 
is associated with the non-mineral part of tooth enamel. From the results 
of chapters I - IV the possibility of incorporation in the apatite lattice 
seems less 1ikely. 
In chapter V - VII recent theories [21] about the relation between 
crystal structure and morphology are applied to apatite and octacalcium-
phosphate. These theories are based on the Hartman-Perdok theory [22 - 25] 
in which PBC and F face are important concepts. PBC stands for periodic 
bond chain and is defined as an uninterrupted path of bonds between the 
growth units within a crystal. A crystallographic face that contains two 
or more interconnected sets of parallel PBCs is called an F face. A set 
of F faces determines the crystal morphology, and the order of importance 
for the crystal morphology of each F face can be determined by different 
criteria like the attachment energy and the Ising temperature. 
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For apatite and OCP the attachment energies are calculated, the cry-
stal morphology is predicted and compared to the observed crystal morpho-
logy. For apatite also the Ising temperature of the F faces is calculated 
and the prediction for the crystal morphology is compared with the pre-
diction based on other criteria like the attachment energy. 
According to Onsager [26] and Rypkema et al. [27], the Ising tempe-
rature of complex F faces (or F slices or connected nets which are parallel 
to F faces and having a thickness d,. .) can be calculated. The complex 
nets have to be transformed into planar rectangular nets and examples of 
such a transformation are given in chapter VI. 
Both the predictions of the morphology of apatite and OCP crystals 
agree well with the observed morphology. The prediction for apatite accor-
ding to the Ising temperature runs quite parallel to the prediction based 
on other criteria like the attachment energy. 
The suggestions from the literature [20] that a lowering of the symme-
try of the apatite space group is the cause of the low symmetry of bio-
logical apatitic crystals seems to be less likely on the basis of the re-
sults of chapter V. In chapter VII physical arguments are provided for 
the choice between two alternative boundaries (i.e. surface structures) of 
the important {100} form of OCP which is essential in the hypothesis in 
which OCP is a precursor phase of apatite [2, 3]· 
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CHAPTER I 
The Whitlockite Phase in the System CaO-PzOg-MgO 
at 1000 С 
R. A. TEBPSTRA, F. С. M. DRIESSENS*, H. G. SCHAEKEN 
N i j m e g e n (The Netherlands), Catholic University, Institute of Dental Materials Science 
R. M. H. VERBEECK 
G h e n t (Belgium), State University, Laboratory for Analytical Chemistry 
A b s t r a c t Mixtures of reagent grade CaHP0 4 , MgO, and СаСОз were sintered at lOOO'C both 
in air and in dry carbon dioxide to investigate the stability field of /J-Ca^fPOJî m the ternary CaO— 
P 2 0 5 - M g O system along the C a O — Р
г
0 6 and the ^-Ca,(P0 4 ) 2 -Mg3(P0 1 ) 2 join 
The extent of substitution of Mg for Ca in β Ca
a
(P0 4 ) 2 was determined to be near 14 7% Mg of the 
oat-ions, both in air and in dry carbon dioxide Lattice parameters of products with various degrees 
of substitution are presented There is a decrease of the c-axis up to 10% substitution after which an 
increase of the c-axis occurs on further substitution of Ca by Mg This is probably related to substi­
tution in two different sublattices. 
At lOOO'C the carbonate ion could not be incorporated in the /?-Ca3(P04)2 structure, and along 
the CaO—P 2 0 6 jom the Ca/P range of solid solution for /î-Ca3(P04)2 was found to bo immeasurably 
small both in air and in dry carbon-dioxide 
Die Whitlockit-Phase im System CaO—P2O5— MgO bei 1000 0C 
I n h a l t s ü b e r s i c h t . Mischungen von CaHP04 , MgO und CaC03 werden bei 1000oC sowohl in 
Luft als auch in trockenem C02 gesintert zur Untersuchung des Stabilitatsbereiches des /?-Саз(Р04)2 
im temaren CaO—Р
г
06—MgO-System in Abhängigkeit vom CaO—P205- und /)-Саа(Р04)г—Mg,-
(P04)2-Verhaltnis 
Das Ausmaß der Substitution des Ca durch Mg im /}-Саз(Р04)2 wurde zu etwa 14,7% Mg bestimmt, 
sowohl in Luft a h auch in trockenem C0 2 . Die Gitterparameter fur Produkte mit verschiedenem 
Substitutionsgrad werden angegeben. Bis zu 10%iger Substitution erfolgt eine Verkürzung der 
с Achse und danach ein Ansteigen bei weiterer Substitution des Ca durch Mg. Dies beruht wahr-
schemlich auf einer Substitution in zwei verschiedenen Teilgittern 
Bei 1000oC konnte das Carbonat-Ion in die /}-Ca3(P04)2-Struktur nicht eingebaut werden und 
entlang der CaO—P206-Achse wurde der Ca/P-Bereich fur feste Losungen fur ^-Саз(Р04)а als un-
meObar klein sowohl in Luft als auch in trockenem C0 2 gefunden. 
Introduction 
The extent of the substitution of calcium by magnesium in /?-Саэ(Р04)2 has 
been investigated by various authors [1 — 7] (Table 1) and lattice parameters of 
products with different degrees of substitution have been presented [4, 5, 7] 
(Fig. 1). 
7 
Whitlockite Phase 
DICKENS, SCHROEDER and BROWN [8] determined the structure of /?-Саз(Р04)2 and found that it 
crystaHizes in the rhombo-hedral space group R3c with unit cell parameters a = 10.439(1) and 
с = 37.376(6) (hexagonal setting) with a cell contents of 21 [CaafPOJi]. 
SCHEOEDER, DICKENS and BROWN [7J synthesized five samples of /3-Саз(Р01)2 with a mole per­
centage of MgO ranging from 3 to 10.6 and refined their crystal structures; however, only details of 
three samples containing up to 7.26 mole-% Mg were presented as the other two samples seemed to 
contain Fe as an additional impurity. 
I t can be seen from Table 1 and Fig. 1 that literature data for the extent of 
substitution of Mg for Ca in ß-Ca,3(POi)2 and for lattice parameters of products 
with different degrees of substitution are not consistent. The extent of the sub-
stitution is again investigated in this study and lattice parameters of products 
with various degrees of substitution will be determined. This study is part of a 
Table 1 Literature data on the extent of substitution of Calcium by Magnesium in )3-Ca3(P01)2 
Mole % MgO a) % Mg of cations 
6.5 7.3 
occurence s.S.b) not stated 
9 12 
10.6 14 
16.7 22.2 
5 6.7 
10.5 14 
temp. 
1000 
1000-
1170 
1000 
1150 
1100 
1350 
°C 
-1720 
Reference 
ANDO (1968) 
BOBROWNICKI (1959) 
SLAWSKI (1966) 
ROWLES (19G8) 
ITO (1968) 
MOCAULEY (1971) 
SCHROEDER (1977) 
a) Mole percent MgO in the ternary system CaO—РгОи—MgO at P 2 0 5 = 25 mole %. 
b ) s.s. = solid solution. 
Ф— Ito 'ее 
Rowles '68 
• Schroeder '77 
MgO mole percent 
Fig. 1 Lattice parameters of /î-CajfPOJj from literature, with increasing degree of substitution of 
Mg for Ca (expressed in mole percent MgO in the ternary CaO—PjOj-MgO system a t P 2 0 5 = 
26 mole %) 
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broader work on the ternary phase diagram CaO—PaOj—MgO. The Phase 
diaiiram is investigated both in air and in dry carbon dioxide and should bring 
more claiity in the way in which Mg is possibly incorporated in dental enamel. 
In the CaO —P20 5 binary system, WALLACE and BROWN [9] heated mixtures, ranging from 
33 — 25 mole % PjOj (approximately) at 700 or 900oC in air and they found that the mole percentage 
Pj0 5 of /3-Саз(Р01)2 present in all products averaged to 24.93, indicating the absence of a region of 
solid solution for Рг06 ;>24 93 mole %. 
Earlier, WELCH and GUTT [10] reported the existence of a region of solid solution ranging from 
25-26.6 mole % P 2 0 6 at 900
oC. 
Recently, SCIIAEKBN, DRIESSENS and VERBEECK [11] determined the upper and lower border 
of stability of ß-Cu^PO^i at 870°C in dry carbon dioxide as ^25.5 and ;>24.9, mole % PsOj respec-
tively. 
In this study also the existence of a region of solid solution in the CaO—P2O5 
system at 10000C (in air and in dry carbon dioxide) is investigated as the literature 
data again arc not consistent. 
Experimental 
Reagent grade CaHPOj, CaC03 and MgO (allowing for 3% loss of mass on heating) were mixed, 
pressed into tablets ( ~ 2 cm2 χ 2 cm) and sintered at 1000°C in air or in dry carbon dioxide. 
After a first period of sintering (several days) the products were investigated with Ni-f iltered CuKa 
radiation to determine the phase composition and peak positione. Sintering was continued until no 
more changes in phase composition, peak position and relative intensities occured. 
From the final products, phase composition, lattice parameters (obtained from stepscanmng, 
0.05° steps m 20, Si-external standard, using hkl indices from DEWOLFF, ASTM card 9 —169 and 
back packing the aluminum sample holders) and IR absorption spectra (obtained with a Perkin 
Elmer 457 Grating infrared spectrophotometer) were determined. 
Results 
For the Mg-containing products it was found that after one period of sintering 
(72 h) at 1000oC there were no more changes in the phase composition, peak 
positions and relative intensities both in the experiments in air and in dry carbon 
dioxide. 
No difference occured in the X-ray powder pattern of products with equal 
chemical composition sintered in air and in dry carbon dioxide and since the IR 
absorption spectra of the products sintered in dry carbon dioxide revealed no СОз2 -
absorption bands it was concluded that the carbonate ion was not incorporated in 
the /?-Саз(Р04)2 structure. The phase composition and lattice parameters of 
/?-Саз(Р04)2 with different degrees of substitution of Mg for Ca are shown in 
Table 2 ; according to the phase composition the extent of substitution is between 
10.7 and 12.2 mole % MgO. 
Fig. 2 and 3 show the a and с axis as a function of the mole percentage MgO, 
at 25 mole % P 2 0 5 . From these figures the extent of substitution of Mg for Ca in 
/?-Саз(Р04)2 is around 10 mole % MgO. 
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Table 2 Phase composition and lattice parameters of products with different degree of substitution 
of Mg for Ca in ^-Ca3(P04)2 formed at 1000o0 in air 
mole % 
MgO') 
0 
C.2 
7.7 
9.2 
10.7 
12.2 
13.7 
% Mg of 
cations 
0 
8.2 
10.2 
12.3 
U.3 
1G.3 
18.3 
phases present 
/Í-CMPO.), 
/î-Ca,(P04)2 
/}-Саз(Р04)2 
ß-ObCPOJt 
ß-C^POJt 
/ï-Caa(P01)2> 
^-Ca,(P01)2, 
В') 
В') 
a-axis 
А 
10.43b) 
10.36 
10.34 
10.32 
10.32 
10.32d) 
10.32d) 
c-axis 
A 
37.89 b ) 
37.18 
37.12 
37.21 
37.25 
37.24d) 
37.22<1) 
*) Mole percent MgO in the system CaO —P 2 0 5 —MgO at P 2 0 6 = 25 mole %. 
b ) Accuracy in determination is estimated to be better than 3- 0.01 A. 
c) Highest-peak positions of В agree with those for Ca3Mg3(P01)1 as reported by ANDO [1]. 
d ) Parameter determined for the ^-Ca
a
(P0 1 ) 2 phase. 
Fig. 4 shows part of the IR absorption spectra of some of the products from 
Table 2 indicating a slight increase in degeneracy with increasing degree of sub­
stitution of Mg for Ca in /3-Саз(Р04)2 between 1200 and 900 cm- 1. 
Table 3 shows the chemical and phase composition of products sintered at 
1000oC in air and in carbon dioxide to investigate the existence of a region of 
solid solution of /?-Саз(Р04)2 in the CaO—PaOj system. It was found that the 
phase composition, peak positions and relative intensities remained unchanged 
10 45 
a-axis 
A 
MgO 
mole per cent 
Fig. 4 a-axis with increasing degree of substitution of Mg in ß-Cai(POt)2 expressed in mole percent 
MgO at P 2 0 5 - 25 mole % ; products were formed at 1000oC in air 
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3 7 4 0 
10 MgO 15 
mole percent 
Fig. 3 c-axis of products with increasing degree of substitution of Mg in ^-Саз(Р01)2 formed in air 
a t 1000oC 
1200 β00 em - 1 
Fig. i P i r t of IR absorption spectra of Mg containing А-Са3(РОА)2 products formed at 1000oC 
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Table 3 Chemical composition and phase composition of products sintered at lOOCCC, \.ilid for 
products sintered in air as well as for products sintered in carbon dioxide 
mole % P J O J 1 ) Second phase 
24.26 Apatiteb) 
24.40 Apatite 
24 65 Apatite 
24 85 Apatite 
25.44 Pyrophosphate0) 
25.84 Pyrophosphate 
26.22 Pyrophosphate 
26 63 Pyrophosphate 
a) Mole percent P205 in the CaO — PaOj system. 
b) Hydroxyapatite for sintering in air, carbonelle apatite for sintering in dry carbon dioxide. 
l ) /î-Ca2P20,. 
after a first period (168 h) of sintering. It can be seen from Table 3 that in all 
products a second phase was present and extrapolation of peak heights of this 
second phase lead to the conclusion that an immeasurably vsmall region of 
solid solution for β-0Ά3(ΡΟή)2 existed in the CaO—P 2 0 5 system at 1000oC both 
in air and in dry carbon dioxide. 
Discussion 
From the results of this study it is concluded that the extent of substitution 
of Mg for Ca in /Í-Ca3(P04)¡¡ at 1000oC, both in air and in dry carbon dioxide is 
near 11 mole % MgO (i. e. 14.7% Mg of the cat-ions), this is in good agreement 
with the data reported by ROWLES [4]. Both the a-axis and the c-axis show a 
decrease when Ca is replaced by the smaller Mg ion, but when approximately 
10% of the Ca ions have been substituted, the c-axis shows a reversal when sub-
stitution is continued. This fact was also reported by ROWLES [4]. 
From the structure details on /?-Ca3(P04)2 [8] and Mg-containing /?-Саз(Р04)2 
[7] it can be learned that out of the five different Ca sites per unit cell two of these 
can incorporate Mg ions, these sites are called Ca(4) and Ca(5) ; both these sites 
can contain 6 Ca ions [12] but in/?-Саз(Р04)і, the occupancy of Ca(4) is 0.491 and of 
Ca(5) is 0.999 [8]. Although at low Mg for Ca substitution the Mg distribution 
is randomized over Ca(4) and Ca(5), additional Mg enters preferentially Ca(5) 
[7]. As the total number of Ca ions per unit cell is 63 [8], it can be assumed that 
the first 10% of the Ca ions that are replaced by Mg ions are mainly those in the 
Ca(5) site; further substitution, it is assumed, then involves the Ca(4) site as no 
other sites are mentioned to be involved in Mg substitution [7, 8]. 
From this it seems likely that the reversal of the c-axis occurs when all the 
Ca ions'in the Ca(5) site have been substituted by Mg, so when on further sub­
stitution Ca(4) starts being involved. 
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Unfortunately no detai ls are known from the l i terature on structure deter­
minat ion of /?-Саз(Р04)2 containing more t h a n 1 0 % Mg in the cations so t h a t t h e 
probable relationship between the incorporation of Mg in t h e Ca(4) site in /?-Саз-
( P 0 4 ) 2 a n d the reversal of the c-axis cannot yet be fully understood. 
The increase of degeneracy with increasing Mg content of /5-Саз(Р04)2 in the 
I R absorption spectrum between I '200 and 900 c m - 1 , as shown in Fig. 4 is opposite 
t o what was reported by SCHAÍ;KEN, DBTESSENS and V E R B E E C K [11J when N a was 
incorporated in the ß-Cn^PO^^ s t ructure. This difference is thought to be due 
to a difference in subst i tu t ion of Na and of Mg in the β-ΟΆ3(ΈΌΑ)2 s t ructure. 
The two-phase products containing more t h a n 12.2 mole-% MgO show a 
c o n s t a n t value for the latt ice parameter a as expected, b u t a ra ther small decrease 
in the value of the с parameter . This could be due to t h e fact t h a t during cooling 
of the specimens a certain degree of ad jus tment to equilibrium at lower tempera­
tures is reached [4]. This is enhanced by t h e presence of a second phase of which 
t h e nuclei can grow at the expence of the main phase during cooling. An expla­
nat ion on the basis of eventual ly variable cation/anion ratios seems t o be less 
probable f 10, 11]. 
The d a t a presented in this s tudy on the absence of a region of solid solution 
for /9-Саз(Р04)2 in the CaO — P 2 0 5 system a t 1000 o C in air and in dry carbon di­
oxide, refine those reported by W A L L A C E a n d B R O W N [9], and S C H A E K E N , 
D R I E S S E N S and V E R B E E C K [11J. 
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CHAPTER I I 
The CaO-MgO-P205 System at 1000 С for Р20Б < 33.3 Mole% 
R. A. TEBPSTKA, P. С. M. DKIESSENS* 
N i j m e g e n (The Netherlands), Catholic University, Institute of Dental Materials Science 
K. M. H. VERBEECK 
G h e n t (Belgium), State University, Laboratory for Analytical Chemistry 
A b s t r a c t . The quasi ternary phase diagram CaO- MgO P 2 0 5 at 1000
oC for P 2 0 5 
< 33.3 mole-% is determined by heating some 140 compositions prepared from the appropriate ones 
of 4 starting chemicals (reagent grade СаНР0 4 , CaC03, MgO, and MgHP0 4 3 aq ). Products were 
investigated with X-ray diffraction and heating was continued until no more changes in phase 
composition and peak positions in the X-ray diffraction pattern were observed, leading occasionally 
to heating times of over 1 000 hours 
There are three major regions of solid solution for the whitlockite phase, and for the ternary 
compounds on the pyro- and the ortho phosphate join The extent of solid solution of the ternary 
pyrophosphate compound was determined by the change in peak position in the X-ray diffraction 
pattern with composition and was found to be 15 9 — 27 Г) mole % MgO 
Two and three phase areas were determined using the change in peak position data for the 
whitlockite and ternary pyrophosphate compound The experiments were carried out in air Ilowe^er 
additional experiments in a C02 atmosphere revealed no changes in the X-ray diffraction patterns, 
apart from those in which apatite was involved The apatite phase did not incorporate detectable 
amounts of Mg, not on heating in air nor on heating in a carbondioxide atmosphere. 
Das CaO-MgO-РаОб-System bei 1000oC für PoOj <33,3 3Iol-% 
I n h a l t s ü b e r s i c h t . Das quasiternare Phasendiagramm CaO — MgO—P205 bei 1000°C fur 
P 2 0 5 < 33,3 Mol-% wurde bestimmt durch Erhitzen von 140 Mischungen unter Verwendung von 
vier Ausgangsmateriahen (СаНРО^ CaCOj, MgO und MgHPO^ 3 H 2 0) Die Produkte wurden 
rontgenographisch untersucht und die Temperung fortgeführt bis keine Änderung in der Phasen-
zusammeneetzung und der Peakposition der Rontgendiagramme beobachtet w urde, w as gegebenen-
falls zu Temperzeiten von über 1000 Stunden führte. 
Es existieren drei bevorzugte Bereiche fur feste Losungen, die Whitlockit-Phase und bei den 
temaren Verbindungen im Gebiet der Pyro- und Orthophosphatphasp Der Bereich der festen 
Losung der temaren Pyrophosphat-Verbindung wurde durch die Änderung in der Peakposition der 
Rontgendiagramme mit der Zusammensetzung bestimmt und wurde zu 15,9 bis 27,5 Mol-% MgO 
gefunden. 
Die Zwei- und Dreiphasengebiete wurden aus der Änderung der Peakposition der Whitlockit 
und temaren Pyrophosphat-Verbindung bestimmt. Die Experimente wurden in Luft ausgeführt. 
Zusätzliche Versuche in C02 Atmosphäre zeigten keine Änderungen in den Rontgendiagrammen, 
besondere in jenen in denen Apatit enthalten war. Die Apatitphase baute keine bestimmbare Menge 
von Mg ein, weder beim Tempern in Luft noch in COj-Atmosphare. 
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Introduction 
Parts of the CaO —MgO—Р 20Б ternary phase diagram have been reported 
about by various authors [1—11]. MCCAULEY et al. [8] composed a ternary 
diagram from these data and partly from their own results. However the literature 
data were for different temperatures and their own results were based on relatively 
few compositions in the diagram and there is considerable disagreement between 
some of their results and previously reported data. 
This study investigates the quasi ternary phase diagram f o r P 2 0 5 <33.3 mole-
% at 1000oC, and some 140 compositions in the diagram are prepared to deter­
mine extents of solid solutions and existence of ternary compounds. 
The reason why this study is set up is the fact that there is still no agreement 
about the way in which Mg is incorporated in dental enamel. This makes it 
worthwhile to investigate in which calcium phosphates and to what extent Mg 
can be incorporated. 
The X-ray diffraction pattern of dental enamel resembles that of hydroxy-
apatite and no other phases are seen. Three possibilities can be thought of for the 
presence of Mg in dental enamel : it can be incorporated in the apatite phase, it 
can be present as a Mg salt which does not show up in the X-ray diffraction 
pattern and finally it can be part of the organic matrix. 
For none of these possibilities clear evidence is available. 
K R E I D L E B [12] has composed a stability field diagram for various apatites and claims to have 
prepared Mg containing fluorapatite, being a border line case of his diagram. However in all of his 
Mg-containing products at least one second phase is present which can also contain Mg. Yet with 
increasing amounts of Mg he finds a decrease of the apatite a- and c-axis which could be due to 
substitution of Mg for Ca but also to changes in the stoichiometry of the fluorapatite. 
Fluorapatite does not seem to be the likely Mg host in dental enamel as the concentration gradient 
in dental enamel from surface to dentino-enamel junction observed for fluorine is opposite to that 
observed for Mg [13]. 
Since these high temperature syntheses are very different from the in vivo 
conditions during the enamel formation, no definite conclusions about dental 
enamel should be drawn, but the X-ray diffraction patterns and I.R. spectra 
obtained from high temperature apatites happen to show much resemblance with 
those obtained from tooth enamel so that (im)-possibilities of Mg-incorporation in 
calcium phosphates derived from high temperature studies should not be regarded 
as completely irrelevant for the possible situation in dental enamel. Also, ROWLES 
[14] found striking similarities between high temperature synthesised Mg-con­
taining /5-Саз(Р04)2 and similar compounds formed in vivo. 
Literature data on the diagram are reviewed below. 
CaO—PjOjj Join. WELCH and GUTT [3] reported the absence of a region of solid solution for 
/Î.Ca2P20, (for P 2 0 5 <33.3mole-%) . 
In an earlier study [4] we reported about the absence of a region of solid solution for ^-Са3(Р01)г 
at lOOCCinair . 
VEBBEECK et al. [IS] prepared hydroxyapatite by high temperature synthesis and found that a t 
temperatures around 1000oC the stability field of hydroxyapatite was extremely thin. 
15 
R. Α. TEHPSTRA et al., The C a O - M g O - P 2 O j System 
MgO —PîOjjoin. BERAK [2] reported that the solubility of Mg2P207 iniIg3(P01)2 is low, and that 
the transformation temperature of a-jSMg3(P01)2 (1055°C) is lowered by the addition of Mg2P207 to 
940oC, while MgO has no influence on this transformation temperature (β being the low temperature 
form). Solid phase inversion of Mg 2 P 2 0 7 is reported to take place at 680C by R O Y et al. [16], α being 
the low temperature form. 
CaO —MgO join. DOMAN et al. [1] investigated the binary CaO—MgO system at temperatures 
above 1600oC. They found a considerable region of solid solution, both for CaO and for MgO (0— 
22 2 and 94.3-100 mole-% MgO respectively at 2370oC). 
The extent of the region of solid solution was detected by measuring changes in unit cell dimen­
sions and in refractive indices. 
Judging from their phase diagram (above 1600°C) no detectable regions of solid solution are to 
be expected both for CaO and MgO at 1000 °C. 
Ca2P207 —Mg 2 P 2 0, join. BOHROWNICKI and SLAWSKI [10], SLVWSKI [11] and MCCAULEY, 
HUMMEL and HOFFMAN [8] investigated the СагРаО,—Mg2P207 join. The first authors [10] reported a 
region of solid solution for Ca 2 P 2 0 7 (0—1 δ mole-% MgO), a ternary compound of the formula 
CaMgP207 with no region of solid solution while no data for Mg 2 P 2 0 7 were provided SIAWSKI [11] re­
ported three regions of solid solution: 0—δ.3 mole-% MgO, 22.2—31.2 mole-% MgO (for a ternary 
compound of formula Ca 4Mg 2P e0 2 1) and 65.5—G6.7 mole-% MgO. MCCAULEY et al. [8], finally, 
reported an intermediate compound of formula CaMgPaO, with no region of solid solution while 
they did not attempt to check the extent of the end member regions of solid solution. Table 1 
summarizes these data. 
Table 1 Extent of regions of solid solution in the C a 2 P 2 0 7 — M g 2 P 2 0 7 system, obtained from the 
literature (expressed in mole-% MgO) 
Ca-nch 
side 
0 - 1 . 5 
0 - 5 . 3 
n . d . 
a ) not determined 
Intermediate 
compound 
33.3 
22.2-31.2 
33.3 
; b ) at 11260C. 
Mg-rich 
side 
n. d. s) 
65 5-66.7 b ) 
n . d . 
Temp. 
"С 
1116 
1140 
600 
References 
BOBROWNICKI (1960) 
SIAWSKI (1967) 
MCCAULEY (1971) 
Саз(Р0 4 ) 3 —Mg3(P0 4 ) 2 join. For the Ca-rich side of the diagram, many investigations have been 
made, α survey of which has been published recently in our study about the whitlockite phase [4]. 
Many authors reported a region of solid solution for the Ca-rich side, our data [4] for this region are 
Table 2 Extent of the regions of solid solution (other than on the Ca-nch side) in the 
Саз(Р01)2—Mg3(P04)2 system, expressed in mole-% MgO, obtained from the literature 
Intermediate 
compound 
35.9-39.1 
occurence s. s. not 
stated 
38.2-41.3 
3 5 - 4 5 
40.0-52.4 
37.5-45.8 
Mg-rich side 
73.8-75.0 
73 2-75.0 
72.0-74.0 
- 7 5 . 0 
not determined 
Temp. "С 
1000 
1000-1720 
1170 
1100 
1174 
1080 
References 
ANDO (1958) 
BOBROWNICKI (1959) 
SLAWSKI (1966) 
MCCAULEY (1971) 
WALTON (1972) 
DICKENS (1971) 
16 
Ζ. anorg. allg. Chem. 515 (1984) 
0—11 mole-% MgO. Various authors [δ -9,17] reported about the existence of a ternary compound 
in the CaafPOjJj—Mg3(P01)2 system and also data about a region of solid solution for this compound 
as well as for the Mg-rich end member of the system were reported. A survey is given in Table 2. 
T e r n a r y c o m p o s i t i o n s . MCCAULEY et al. [8] reported about some 6 ternary compositions 
which were not on a join which they had prepared; the phases they found after heating the composi­
tions led them to draw compatibility triangles in their ternary phase diagram CaO—MgO—P 2O s. 
As only few compositions were prepared and since no changes in lattice parameters were reported 
their data are not complete and definite in that no two phase areas have been detected. 
Experimental 
For the preparation of the compositions used to determine the quasi ternary phase diagram 
CaO—MgO—P206, the appropriate ones of four starting chemicals were used (reagent grade СаНРОд, 
CaCO
a
, MgO and MgHPOj · 3 aq.) which were chemically analysed (Ca and Mg were determined com-
plexometrically with EDTA, and Ρ with a spectrophotometric method). The chemicals were mixed 
with a ball mill and then pressed into tablets (2 cm2 χ 2 cm approx.) which were heated at 1000oC 
in air. 
After a first period of heating (several days) the tablets were slowly cooled to room temperature 
and then in powdered form the products were investigated with X-ray diffraction to determine the 
phase composition. Several heating cycles were normally necessary before no more changes in peak 
positions and phase compositions occured. 
X-ray diffraction was carried out with a Philips diffractometer using Ni-filtered CuK« radiation 
to determine phase composition and peak positions. 
Acrurate peak position determinations were performed with step scanning (0.05° in 2© per step, 
using a Si external standard and back packing the aluminium sample holder). 
For comparison, ASTM cards Ó-0Ó82 0S-Mg2P2O,), 8 - 3 8 [<\-^gJ>207), 9-346 (/3-Ca2P207), 4-0829 
(MgO), 11-23Г) (MgafPOJj), 9-109 (/3;Саэ(Р01)2)) 9-432 (Ca^POJjOH), 4-077 (CaO) and additional 
data from the literature [5, 8, 10] were used to determine the phase compositions. 
Table 3 CaO —PJOJ join; compoBitioiis expressed in mole-%, time of heating in honre 
CaO 
too 
99.0 
98.0 
95.1 
77.5 
77.3 
77.1 
76.9 
76 7 
75.7 
75.5 
75.3 
75.1 
75.0 
74.6 
74.2 
73.8 
73.4 
67.1 
MgO 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
P.O. 
0 
1.0 
2.0 
4.9 
22.5 
22.7 
22.9 
23.1 
23.3 
24.3 
24.5 
24.7 
24.9 
25.0 
25.4 
25.B 
26.2 
26.6 
32.9 
816 
816 
816 
816 
692 
692 
692 
692 
948 
456 
456 
456 
456 
464 
456 
456 
456 
456 
1199 
С 
С, ОНА 
С, ОНА 
С, ОНА 
С, ОНА 
С, ОНА 
С, ОНА 
ОНА 
ОНА, С.Р 
ОНА, С,Р 
ОНА, С.Р 
ОНА, С.Р 
ОНА, С,Р 
С Г 
С.Р, С.Р 
с,г, с.р 
С.Р, С,Р 
С.Р, С.Р 
С.Р, (tr. С.Р) 
а) С = СаО; ОНА = hydrosyapatltc, Са.ЛРО.МОН),; Ρ = Р.О, 
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Result β 
CaO—P 2 O s join (Table 3) 
Apart from CaO and 0-Са2Р2О„ /?-Саз(Р04)2 and Ca1 0(PO1) e(OH)2 were found when mixtures in 
the region of P 2 0 5 <33.3 mole-% were heated ш air. 
β СагРгО, was obtained by heating CaHPOj. X ray diffraction analysis showed that traces of 
jS-CajtPOJj were present, and chemical analysis rendered a deviation from stoichiometry ( P 2 0 5 = 
32 9 in stead of 33 3 mole-%), so that no statement about the existence of a region of solid solution 
can be made. 
For /3-Саз(Р04)г the absence of a region of solid solution has already been reported [4], as men 
tioned before. 
For hydroxyapatite (ОНА), which was the apatite found at room temperature under the circum­
stances of the experiment, extrapolation of peak heights from X ray diffraction patterns of the two 
phase products (ОНА with either ß-Ca3(FOi)2 or CaO) revealed no region of solid solution and also 
the peak positions of ОНА in the X-ray diffraction patterns of the two phase products л еге not 
different from those of pure ОНА 
For CaO, peak positions m the X-ray diffraction pattern of the two phase products (CaO + ОНА) 
were not different from those of the pure compound (CaO) and extrapolation of ОНА peak heights 
in the two phase pattern revealed no measurable region of solid solution 
CaO containing tablets had to be stored in a dissicator to avoid Са(ОН)
г
 to be formed. 
M g O - P 2 0 5 join (Table 4) 
Apart from a-Mg2P207 and MgO, β Mg 3(P0 1) 2 was found when mixtures in the region of P 2 0 5 
< 3 3 3 mole-% were heated in air. 
^-Mg2P207 was obtained by heating MgHP0 4 3 aq and chemical analysis showed it to be almost 
stoichiometric ( P 2 0 5 = 33 4 mole-%) After cooling from 1000CC of the samples the ¡x-form of 
Mg2P207 was found at room temperature The peak positions of я Mg 2 P 2 0 7 in the X-ray diffraction 
powder pattern of the two phase products showed no deviation from those of pure cx-MgjPjO, 
Table 4 MgO—Ρ,Ο, join, compositions expressed in mole "„, time of heating in hours 
CaO 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
α 
0 
0 
α 
0 
0 
MgO 
100 
9Θ9 
47 9 
96 θ 
94 7 
89 β 
76 2 
76 0 
75 8 
75 6 
75 2 
75 1 
75 0 
74 9 
74 8 
74 4 
73 8 
73 5 
73 1 
72 7 
66 6 
P.O. 
0 
1 1 
2 1 
1 2 
53 
10 4 
23 8 
24 0 
24 2 
24 4 
24 8 
24 9 
25 0 
25 1 
25 2 
25 6 
26 2 
26 5 
26 9 
27 3 
33 4 
Time 
995 
995 
995 
995 
995 
995 
995 
995 
995 
437 
437 
995 
995 
995 
437 
437 
437 
4J7 
437 
437 
1199 
Phases a) 
M 
Μ Μ,Ρ 
Μ Μ,Ρ 
Ч Μ,Ρ 
Μ, Μ,Ρ 
M. Μ,Ρ 
Μ,Ρ 
Μ,Ρ 
Μ,Ρ 
Μ,Ρ 
Μ,Ρ 
Μ,Ρ 
Μ,Ρ. 
Μ,Ρ, 
Μ,Ρ, 
Μ,Ρ 
Μ,Ρ, 
Μ,Ρ 
Μ,Ρ, 
Μ,Ρ, 
Μ,Ρ 
(Ir Μ,Ρ) 
(tr Μ,Ρ) 
Μ,Ρ 
Μ,Ρ 
Μ,Ρ 
Μ,Ρ 
Μ,Ρ 
Μ,Ρ 
a) Μ = MgO, Ρ = Ρ,Ο, 
18 
Ζ. anorg. allg. Chem. 515 (1984) 
For MgjfPOJa, after cooling from 1 000°C in the oven the /J-form was found at room temperature. 
Probably the transformation (at 940oC) of я to j3-JIg3(P04)2 of the /î-Mg2P207 containing samples [2] 
can still occur during the short time of cooling. 
Xo deviations of the peak positions in the X-ray diffraction patterns of the two phase products 
(^-Mg3(P01)2 with either a-MgjPjO, or MgO) from those of the pure compound (ß-Mg^VO^) were 
found, and extrapolation of peak heights of «-Mg2P207 in the two phase products revealed no detect-
able region of solid solution of /?-Mg3(P04)2 for P 2 0 5 > 25 mole-%. No peak height extrapolation data 
were obtained for P 2 0 5 < 25 molc-% since no free peak of MgO was available. 
Near MgO, in the two phase products (MgO + ^-Mg3(P01)2) no deviations of the peak positions 
in tlie X-ray diffraction pattern from those of the pure compound were observed, and extrapolation 
of peak heights of /ï-Mg3(P01)2 from the X-ray diffraction patterns of the two phase products indi-
cated an immeasurably small region of solid solution for MgO in the MgO PjOj system. 
CaO-MgO join (Table δ) 
Only CaO and MgO were found when mixtures along this join were heated in air. 
Extrapolation of peak heights from the X-ray powder pattern diffractogram of the second phase 
(MgO for the Ca-rich side and CaO for the Mg-rich side) revealed an immeasurably small region of 
solid solution both for CaO and MgO at 1000oC in air. 
Tables CaO —MgO join; compositions expressed in mole-*1«, time ofhcating in hours 
CaO 
97.1 
94.2 
91.2 
88.5 
85.5 
82.6 
8.3 
6.3 
4.2 
2.1 
MgO 
2.9 
5.8 
8.8 
11.5 
14 5 
17.4 
91.7 
93.7 
95.8 
97.9 
P.O. 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
Time 
Й16 
816 
816 
816 
816 
816 
816 
816 
816 
816 
Phases a) 
C, M 
С, M 
С, M 
С, M 
С, M 
С. M 
С, M 
С, M 
С. M 
С, M 
а) С = СаО; M = MgO 
Also, the peak positions of each compound in the two-phase products X-ray diffraction patterns 
were not different from those of the pure compounds, again indicating the absence of a measurable 
region of solid solution, as the ionic radii of Ca 2 + and Mg 2 + differ considerably, substitution of one by 
the other is likely to result in changes in the cell parameters and so in the peak positions. 
C a 2 P 2 0 7 - M g i ! P 2 0 7 join (Table 6) 
Also in this study a ternary pyrophosphate compound (Tp) was found. Extrapolation of peak 
heights of T . in the two phase X-ray diffraction patterns on the Ca-rich side of the join revealed an 
immeaeurably small region of solid solution for C a 2 P 2 0 7 while on the Mg-rich side a small region of 
solid solution (65.6—66.7 mole-% MgO) for Mg2P207 was found, however for both sides no deviations 
of pcakpositions in the two phase X-ray diffraction patterns from those of the pure end members were 
observed, which would have been expected in case of a measurable region of solid solution on the 
Mg-rich side of the join. 
The pure Mg-containing end member of the join was a-Mg 2 P 2 0 7 at room temperature but it was 
noticed that small amounts of Ca stabilize the j8-(high temperature) form at room temperature. The 
transition temperature was reported to be 68°C by R O Y et al. [16]. 
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Table 6 ΟΒ,Υ,Ο,—Mg.P.O, join, compoeitions expressed in mole %, time of heating in hours 
CaO MgO P.O. Time Phases a) 
65 4 
63 4 
61 4 
59 3 
57 Τ 
55 2 
5J 2 
47 6 
46 7 
43 6 
41 5 
37 0 
36 0 
35 0 
34 5 
310 
33 3 
32 0 
310 
13 7 
11 7 
97 
77 
57 
37 
27 
22 
1 7 
12 
0 7 
1 7 
3 7 
5 7 
7 8 
9 θ 
1 1 8 
13 8 
19 4 
20 3 
23 4 
25 4 
29 9 
30 9 
3 1 0 
32 4 
32 9 
33 5 
34 9 
35 9 
53 0 
55 0 
57 0 
59 0 
6 1 0 
63 0 
64 0 
64 5 
65 0 
65 5 
66 0 
3'¿9 
32 9 
32 9 
32 9 
32 9 
33 0 
33 0 
33 0 
33 0 
33 0 
33 I 
33 1 
33 1 
33 1 
33 1 
33 1 
33 1 
33 1 
33 1 
33 3 
33 3 
33 3 
33 3 
33 3 
33.3 
33 3 
33 3 
33 3 
33 3 
33 3 
1199 
1199 
1199 
1199 
1199 
1199 
1199 
831 
831 
831 
831 
858 
858 
858 
858 
85Θ 
858 
858 
858 
858 
858 
858 
858 
1199 
1199 
934 
934 
1199 
934 
934 
C.P, 
C.P, 
C,P, 
C.P. 
C,P. 
C.P, 
C,P. 
T l 
τ 
τ 
τ 
τ 
τ 
τ 
τ 
τ 
τ 
τ 
τ 
Τ
Ρ (tr, CP) 
Тр. Μ.Ρ 
Tp, M.P 
Tp, M.P 
Tp, M.P 
Tp. M,P 
Tp, M.P 
Tp, M.P 
Tp, M.P 
Tp. M.P 
M.P, (tr 
M,P 
M.P 
Tn) 
ft) С = CaO. Ρ = P.O., • MgO, Tp = ternary pyrophosphate compound. 
2 0 
3150 
40 
30 
20 
10 
' · • 
^ S -
^ ^ ^ 
^ 
- ^ · Τ 
^ s · 
MOLE % MgO 
Pig. 1 Change of peak position in the X-ray diffraction pattern of the ternary pyrophosphate 
compound (Tp) as a function of the mole percentage MgO (for PaOj = 33.3 mole-%). 
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A miscibility gap between the a- and stabilized ß-torm is thought to be possible as in one (mainly) 
j9-containing sample traces of a- were found. 
For the ternary pyrophosphate compound (T„) the extent of the region of solid solution found in 
this study is from 15 θ to 27.5 mole-% MgO, based on a shift in the peak position of the most intense 
reflection ofTp(Fig 1) Extrapolations of peak heights from X ray diffraction patterns of two phase 
products were less accurate in determining the extent of the region of solid solution, mainly because 
of the absence of a free peak on the Mg-nch side 
The region of solid solution found for T p does clearly not enclose the CaMgP207 compound men­
tioned by BOBROWNICKI and SLAWSKI [10] and MCCAULEY et al. [8] but it does enclose CajMgjPjOîi, 
mentioned by SLAWSKI [11]. 
С а з ( Р 0 4 ) г - М е з ( Р 0 4 ) г join (Table 7) 
In the present study, α ternary orthophosphate compound (T0) was found with a region of solid 
solution ranging from 38 to 45 mole-% MgO, based on extrapolation data of peak heights from 
X ray diffraction patterns of product« containing two phases (ternary phosphate compound T 0 with 
either Mg containing /¡-Саз(Р04)2 or β Mg3(P04)2) Peak positions and intensities of X-ray dif­
fraction patterns of various samples in the region of solid solution showed slight differences m inten­
sities and peak positions, but no regular changes could be observed 
All but one of the X-ray diffraction patterns of samples near the β Mg
a
(P0 1 ) 2 end member 
contained T 0 peaks and extrapolation of peak heights of T 0 revealed an immeasurably small region 
of solid solution, while for the end member peaks no deviation in the peak positions from those of the 
pure compound were found, also indicating the absence of a measurable region of solid solution for 
β Mg 3(P0 1) 2. 
Table 7 Cat(P04)i—MgaiPCMi join, compositions exprceecd in mole-0o, time of heating in houre 
CaO 
сев 
67 3 
65 8 
64 3 
62 β 
βΐ 3 
Б12 
40 6 
39 6 
38 6 
37 0 
35 5 
33 5 
32 5 
31 4 
Ò0 4 
29 4 
28 4 
27 4 
51 
40 
3.0 
20 
1 4 
0.7 
MgO 
6 2 
7 7 
92 
10 7 
12 2 
13 7 
23 3 
34 4 
35 4 
36 4 
37 4 
39 4 
414 
42 4 
43 5 
44 5 
45 5 
46 5 
47 5 
70 0 
711 
72 0 
73 0 
73 6 
74 3 
P.O. 
25 0 
25 0 
25 0 
25 0 
25 0 
25 0 
25 0 
25 0 
25 0 
25 0 
25 0 
25 1 
25 1 
25 1 
25 1 
25 1 
25 1 
25 1 
25 1 
24 9 
24 9 
25 0 
25 0 
25 0 
25 0 
Time 
464 
464 
461 
207 
527 
267 
¿67 
641 
641 
C41 
GU 
641 
641 
611 
641 
641 
641 
641 
641 
358 
358 
358 
358 
358 
358 
Phases») 
М-С,Р 
М-С.Р 
М-С,Р 
М-С.Р 
M-СР. (tr Т.) 
М-С,Р, т. 
М-СР, т. 
М - С Р т. 
м-со. т. 
M-CsP, τ, 
М-Г,Р. T. 
T0> (tr М-СР) 
т0 
т. 
T. 
т. 
Tt, (tr M.P) 
T„, M.P 
T 0. M,P 
M,P, T.. (tr M,P) 
M,P, T.. (tr M,P) 
M.P. T., (tr M,P) 
M.P, T., (tr M.P) 
M.P, T., (tr M.P) 
M.P. (tr M.P) 
a) M—Cil» = Magneeium containing p-Ca^PO*),, С = CaO, Ρ = Γ,0„ M = MgO, T, = Ternary orthophoaphate 
compound 
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In the heated samples near the j3-Mg3(P04)2 end member, traces of a-Mg 2P 20 7 were present after 
cooling to room temperature, probably due to slight errors in the composition of the starting mix­
tures. This fact docs not change the conclusion that a measurable region of solid solution for 
/MVlg3(P04)2 is absent. 
Ternary compositions (Table 8) 
Shifts in peak positions were found in the whitlockite and in the ternary pyrophosphate compound 
(Tp) region ; for the ternary orthophosphate compound (T0), however no changes in peak positions in 
the X-ray diffraction patterns were found. 
Table θ Ternary compositions expressed in niole-%. time of heating in houre 
CaO 
60.2 
55 1 
50 1 
45 0 
73 8 
70 4 
68.9 
75 1 
37 7 
25 1 
5 0 
4 1 0 
27 6 
15.3 
71 θ 
72 0 
72 2 
72 4 
72 6 
72 8 
MgO 
10 1 
15 2 
20 2 
25 2 
2 0 
2 0 
4 0 
5 1 
32 4 
44 9 
64 8 
39 0 
52 2 
G4 4 
5 1 
5 1 
5 1 
5 1 
5 1 
5 1 
P.O. 
29.7 
29 7 
29 7 
29 8 
24 2 
27 6 
27 1 
19 8 
29.9 
30 0 
30 2 
20 0 
20 2 
20.3 
23 1 
22 9 
22.7 
22,5 
22.3 
22 1 
Time 
770 
770 
770 
770 
585 
585 
585 
585 
497 
497 
497 
497 
497 
497 
857 
857 
857 
857 
857 
857 
Phases a) 
Ο,Ρ, Tp, M - C , P 
Tp, M -C,P, (tr. C,P) 
Tp, M - C P , (tr. T.) 
T.. Tp, M - C P 
ОНА, M - C . P 
C.P, M - C . P 
C.P, M - C . P 
ОНА, M, С 
T ¿ , T„ (tr. M - C P ) 
Tp, T., M.P 
Τ,, Μ.Ρ, M.P 
T., M. M - C P 
T., M 
M.P, T „ M 
M - C P , M. ОНА 
M - C . P , M, ΟΠΑ 
M - C P , M, ОНА 
M - C P , M, ΟΠΑ 
M - C P , M, ОНА 
M - C P , M, ОНА 
a) С = CaO, Ρ = P.O., M = MgO, M—CP = magnesium containing í-Ca.fPO,),, Tp = ternary pyrophosphate 
compound, T. = ternary orthophoephate compound, ОНА = hydrozyapatite, Cai.(POi).(OH)a 
The phases, reported after the ternary compositions were heated and the peak positions of the 
whitlockite and T . compound (if present) in the X-ray diffraction patterns were used to compose 
the 3-phase and 2-phase areas in the CaO—MgO—P 2 0 6 quasi ternary phase diagram of Fig. 2. 
Heating in a C 0 2 atmosphere 
All ternary compositions were also heated in a C 0 2 atmosphere (C02 passed through 75% H 2SOi 
and 96% HjSOj). No differences were observed in X-ray diffraction patterns of these products and 
those obtained from products heated in air, apart from the fact that in stead of hydroxy-apatite, 
carbonatoapatite was formed. The stability field of carbonatoapatite is still being investigated [18]. 
Discussion 
Comparing the results from this study with those reported in the literature 
about the ternary phase diagram CaO—MgO—P 20 5 [1 — 11] at 1000oC, some 
differences become obvious. 
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Ca 2 f|0 7 
Ca 3 (P0 4 ) 2 
C a t o ( p 0 4 ) 6 0 
Mg?P207 
Мдз(р°<Ь 
CaO MgO 
Fig. 2 The quasi ternary phase diagram CaO - M g O - Р 2 О й at 1000°C in air for Р ^ <33.3 mole-% 
composed from the results of this study. In stead of the compound Ca1 0(PO1)eO, Ca1 0(PO4) e(OH)2 
(hydroxyapatite) was found, judging from the I R absorption spectrum of this compound, making 
this diagram a quasi ternary one. 
Phases*) Phases") 
1 
2 
3 
4 
δ 
6 
7 
M-C,P, C2P 
М-СэР, C2P, T p 
M-C3P, T p 
M - C P , τ,,, т 0 
Tp,T 0 
T,,, T0, M2P 
T0, M2P, M3P 
8 
9 
10 
11 
12 
13 
14 
ОНА, M - C P 
ОНА, M, С 
ОНА, М-С3Р, M 
М - С Р . M 
М - С Р , Т0, M 
т., M 
Т0> М, МзР 
а ) С •= CaO, Ρ = Р 2 0 5 , M = MgO, M - C P = magnesium containing /3-Ca,(P04)2, T p = ternary 
pyrophosphate compound, 
Ca1 0(PO4) e(OH)2. 
T 0 = ternary orthophosphate compound, ОНА = hydroxyapatite, 
Those concerning the whitlockite phase have been discussed before [4]. For 
the ternary pyrophosphate compound (Tp) we have found a region of solid solution 
in which there is a clear shift of peak positions in the X-ray diffraction pattern of 
compositions in this region. With this knowledge it was possible to determine 
bordering 2- and 3-phase areas. The same applies to the knowledge of change of 
lattice parameters with changing magnesium contents of /?-Ca3(P04)2 [4]. As men­
tioned before, for the ternary orthophosphate compound no change in peak 
positions was observed, so that in Fig. 2 the border line of area 6 and 7 (and con­
sequently that of 5 and 6) might be slightly different. 
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On three occasions in the literature a pyrophosphate ternary compound has 
been reported [8, 10, 11]. Twice [8, 10] of composition CaMgP 20 7 without a 
region of solid solution. These data, are based on presence/absence of a second 
phase in the X-ray diffraction patterns. The highestpeak positions of this ternary 
compound reported in these studies agree with ours, the intensities as well, with 
the exception of a plane with d = 2.92 Â for which our intensity value is less 
than half that reported by MCCATJLEY et al. [8] while BOBROWNICKI and SLAWSKI 
[10] indicate it "ms" which is probably much stronger than our 4% relative 
intensity by peak height. 
There is an other (d = 4.14 Á) less striking difference in intensity between 
our data and those from the literature, but the difference concerning d — 2.92 Â 
seems most important as /3-MgaPa07 has a strong reflection against d = 2.93 Â. 
The strongest reflection of /3-Mg2P207 also coincides with a Tp reflection. Again 
our intensity is far less than those reported in the literature but in the latter, one 
respectively two neighbouring reflections, found by us, were not reported in the 
literature so that the higher intensity reported in the literature can be (in part 
at least) contributed to the fact that more than one reflection is concerned. 
From these data we conclude that the extrapolations based on ß-Mg^^ßi 
as a second phase to determine the Mg-rich border of solid solution of Tp should 
be regarded less accurate since no free peaks are available, and that in the samples 
reported about in the literature for CaMgP207 possibly some /3-Mg2P207 was 
present. 
Our data are based on measurements of shifts in peak positions, which we 
regard to be due to substitution of Ca for Mg or vice versa ; the measurements 
were caried out on products in which after several heating cycles no more changes 
in phase composition and peak positions in the X-ray diffraction pattern were 
observed. (After 500 hours of heating still /9-Ca2P207 was present in samples, 
which later disappeared, this made us first think that Tp was richer in Mg than 
it in the end appeared to be). This procedure resulted in heating times of around 
1000 hrs, much more than reported in the literature. 
SLAWSKT[11], finally reported a ternary compound of formula Ca4Mg2P207 
which lies within the region of solid solution reported by us, as does, in part, the 
region of solid solution reported by SLAWSKI [11] for his ternary pyrophosphate 
compound ; no d-values were reported. 
Essential, also, for the determination of the position of the intermediate com-
pound Tp, and an eventual region of solid solution seems to be the knowledge that 
the /?-form of Mg2P207 can not be maintained, if pure, at room temperature (even 
not when samples are quenched on solid C02) ; but with small amounts of Ca the 
β-ΐοττη is stable at room temperature. None of the other authors has mentioned 
this fact although it is important in case X-ray diffraction patterns are obtained 
from products at room temperature containing Tp andMg 2 P 2 0 7 , where the ß-ioim 
is to be expected. 
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The region of solid solution found in this study for the ternary orthophosphate 
compound (T0) quite well agrees with the data from the literature. The X-ray 
diffraction pattern obtained for compositions in this region does not show shifts 
in the highest-peak positions, but smaller peaks showed a marked change in 
intensity with small changes in composition. This is possibly due to an order-
disorder change in arrangement of Ca and Mg ions, during cooling, connected 
with the (Ca, Mg) site of Ca7Mg9 (Ca, Mg) 2(P0 4) e [17]. 
Such order-disorder changes have been reported about before for example 
for spinels [19] and for hydroxyapatites [20]. 
In this study no evidence for the incorporation of Mg in apatite was found ; 
neither for the experiments in air nor for those in a CO2 atmosphere (passed 
through 75% H 2 S 0 4 or 96% H a S0 4 ) . 
This study was supported by H. G. O./T. N. 0 . project no. 13-52-19. 
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CHAPTER I I I 
CARBONATA!I ON OF Ca-APATITES AT 1000 0C 
IN C0 2/H 20 ATMOSPHERES. 
R.A. Terpstra and F.C.M. Driessens 
Institute of Dental Materials Science, 
Catholic University of Nijmegen. 
Summary 
A method is presented by which different types of carbonated 
Ca-apatites (without F) can be synthesized at high temperature. 
These carbonated Ca-apatites are prepared at 1000 С in a C07/H.O 
atmosphere. The water vapour pressure is varied by passing the 
CO, either through cone. H.SOr, diluted H.SO, or water of 90 С 
This leads to the formation of pure so called A-type carbonated 
apatites, mixed AB-type and almost pure B-type carbonated apatites 
respectively. 
I.R. spectra, a and с parameters, phase composition and for some 
products the carbonate content are presented. 
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Introduction 
As a general rule mineralogica) and synthetic apatites can be divided 
into two classes by the temperature at which they have been prepared: 
high- (non aqueous around 1000 C) and low-temperature (precipitated 
below 100 C) products. It is also true, in general, that carbonate incor-
poration takes place at a different site during low temperature synthesis 
as compared to the synthesis at high temperatures [ 1-10 1 The site at 
which the carbonate ion is present can be identified by specific bands 
in the infrared spectrum. 
In the apatite lattice many substitutions can take place. Since we 
are mainly concerned with biological apatites we will use calciumhydroxy-
apatite (Ca.n(P0.)¿(0H)_ as our starting point, since this apatite is often 
used as a prototype for the apatite of calcified tissues. 
2-
The CO, -ion can substitue for both anionic sites in the calciumhy-
2-
droxyapatite l a t t i c e . At low temperatures CO, generally substitutes for 
3- i 
POL forming so called В type carbonated apatite, and at high tempera-
4
 2-
tures A type carbonated apatites are formed when CO, substitutes for 
OH" [5]. 
Wallaeys [2] prepared high temperature A-type carbonated apatites and 
proposed an equation for the synthesis (see also equation 1, 
discussion). According to ref. [2] carbonatation will not take place 
when C0_ is passed through water and so the water vapour pressure is 
important for the type of apatite that will be formed. This last point 
will be further established in this study, but see also ref. [11]. 
Bonel and Montel [5] have been preparing A-type, B-type and mixed 
AB-type carbonated apatites by using both low and high temperature syn-
thesi s. 
An exception to this general low temperature/high temperature rule 
forms the work of Nadal et al [12] and Bonel ПЗ ]. A-type, B-type and 
mixed AB-type carbonated fluorapati tes were prepared solely at high tempe­
ratures by heating Ca^ÍPOr)/· (F OH, ). + χ CaO in a CO. atmosphere. 
For χ = 0, the A-type was formed, for χ = 1 the B-type was formed while 
mixed AB-type carbonated apatites were formed for 0 < χ < 1. 
The study described in this paper will also prove to be an exception to 
this general low temp./high temp. rule. It will be shown how A-, B- and 
mixed AB-type carbonated apatites without F can be prepared at high tem-
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perature by varying the water vapour pressure and the Ca to Ρ ratio. 
The hydrothermal synthesis of carbonated apatites described by Roy 
et al tl1»] also does not fit into one of the two general classes of apatite 
syntheses and carbonate incorporation. They showed that both A and В types 
can be prepared pure as well as combined between 300 and 900 С at high 
CO. or H.O pressures between 15 and 150 kPa. 
Bonel et al [10] proposed for B-type carbonated apatites prepared 
by precipitation from aqueous solutions the formula: 
Ca 1 n ^ (POjt (CO.) (H,0) (OH), ^ 10-x+u ч 6-x 3 x 2 ζ 2-x+u 
In which 0 ^ х ^ 2 ; 0 $ и £ у . 
In our products formed at 1000 С we assume ζ = 0, which seems reasonable 
at this temperature. U was introduced by Bonel et al [10 ] to account for 
the slight excess of Ca ions in their samples; since our products formed 
in air seem to be stoichiometric we assume for our carbonated apatites 
that u = 0. Driessens et al [15] however found that u is probably a linear 
function of x, which would not change the qualitative treatment in this 
paper, it would only make it more complex. 
2-Further we assume that the OH is partly substituted by CO, , so that now 
the formula represents a mixed AB-type carbonated apatite. In the apatite 
of calcified tissues both types of carbonatation do occur: The B-type is 
present in the apatite of all types of calcified tissues as well as in 
dental calculus, the A-type is only found in dental enamel (so also vio­
lating the general low temp./high temp. rule). 
Materials and Methods 
The starting chemicals CaHPO. and CaCO, were analysed before use, Ca 
was determined complexometrically and Ρ spectrophotometrically. The re­
sults of this analysis were: for CaHPO. Ca = 29.27 + 0.06 weight % and 
Ρ = 22.37 + 0.0Ί weight %, for CaCO^ Ca = 39-86 + 0.08 weight %. The 
starting chemicals were mixed in various proportions and then pressed into 
tablets and heated in a CO./H.O atmosphere for more than 6 weeks at 1000 0C 
(ref. [13] and fig. 1). 
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ig. 1. Scheme of the experimental set up. The water vapour pressure 
can be calculated from the mass gain of the u-tube, the flow 
rate and the time of the experiment. 
From previous experiments [16] it was found that after heating for 6 
weeks in air no more changes in phase composition and peak positions in the 
X-ray diffraction pattern were noticeable. Schaeken [17] has found in his 
experiments on carbonatation of Ca-apatite that slight changes continued 
to appear for very long periods of heating up to 20 weeks. When these 
tablets were then heated in a different CO./H-O atmosphere a stable situa­
tion seemed to have established after two (to three) weeks. 
Of the carbonated products, I.R. spectra were obtained with a Perkin 
Elmer 457 Grating infrared Spectrophotometer, phase composition and 
lattice parameters were determined with a Philips X-ray diffTactometer, 
the latter with stepscannino (0.05 0 in 2Θ using a Si external standard, 
back packing the aluminum sample holders). 
The carbonate contents were determined with a gravimetric method. 
For the interpretation of the X-ray diffraction patterns ASTM-cards 
5-0586 (CaCOj, calcite) 9-Ό2 (СаЛРО^кОН, hydroxyapati te) and 
Ί-0777 (CaO) were used. 
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For the interpretation of the I.R. spectra we used the data of Bonel 
and Montel [5]: absorption bands for the A-type CO, at 883, ΐΊδδ, Ì5k2 cm"1, 
for the B-type C03 at SM, U30 and 1455 cm"1. 
We assume that the change of surface area of bands relative to each other 
in the I.R. spectrum can be used as a measure for the change of the ratio 
of the number of units absorbing at those bands. 
Results 
Information about 18 different products was obtained as follows. 
Eight mixtures (varying Ca/P ratio) were heated at 1000 0C in Com-
passed -through-concent rated ЬЦЗОг. 
Table 1. Products formed in CO» passed through cone. H.SOr 
CaO Additional 
mole % phases 
77-9 CaO, CaC03
 3 
77.7 CaO, CaC0 3 
77.5 CaO, CaC0 3 
77.З CaO, CaC0 3 
77.1 CaO, CaCO 3 
76.9 trace ß-Ca3(P01|)2 
76.7 &-Ca3(POk)2 
76.5 е-са3(ро^)2 
a 
8 
9.531 
9.533 
9.537 
9.542 
9.543 
9.552 
9.545 
9.540 
с 
8 
6.872 
6.868 
6.871 
6.868 
6.864 
6.868 
6.870 
6.866 
carbonate 
contents (w %) 
6.0 
6.0 
5.8 
5.7 
5-6 
5-4 
4.5 
5.4 
1 
2 
In the CaO-P.O,- system 
Lattice parameters were reproducible to better than + 0.005 A 
at 1000 0C CaO is the stable phase but CaCO, (trace) is formed 
during cooling when CaO reacts with CO.. 
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Six of these were then heated at 1000 С in CO.-passed-through-dilute 
H.SO. (^ 75% by weight). Two of these mixtures, with the highest Ca/P 
ratio and two additional compositions (preheated in air) were then heated 
at 1000 С in CO_-passed-through-water of 90 0C. After each heating period, 
of all products I.R. spectra (figs. 2, 3, Ό , phase composition, a and с 
axis and of some the carbonate contents (tables 1, 2 and 3) were obtained. 
The partial water vapour pressure (Ρμι,η) ' n CO.-passed-through-water of 
90 С has not been determined, but for CO. through concentrated respec­
tively diluted sulphuric acid the partial water vapour pressure was 
determined to be 30 and 70 Pa respectively. 
It is found that at the lowest water vapour pressure only weak B-type 
carbonate bands are seen in the I.R. spectra and only for CaO > 76.9 
mole % (fig. 2). The a-axts only slightly decreases with increasing CaO 
(table 1). 
In CO.-passed through-dilute H.SO. both A- (at CaO £ 76.9 mole %) and 
AB-type carbonated apatites (CaO > 76.9 mole %) are formed; it seems, 
judging from the I.R. spectra (fig. 3) that when the B-type CO. in-
creases the A-type decreases. The a-axis decreases with increasing CaO 
(table 2) . 
In the CO- with the highest water vapour pressure almost pure B-type 
carbonated apatite is formed in the four products with CaO >> 76.9 mole % 
(fig. k). 'There is no significant change of the a-axis with decreasing 
CaO mole percentage (table 3)· 
Judging from the I.R. spectra, for CaO = 76.9 mole %, the A-type C0-
decreases with decreasing PC0_ to PH_0 ratio (see also table 1 and 2) 
while for CaO > 76.9 mole % the ratio of A-type CO, to B-type CO, decreases 
with decreasing PCO. to PH.O ratio. 
Di scussion 
We found in our experiments that when samples with the Ca/P ratio 
(CaO = 76.9 mole % in the Ca0-P_O_ system) of hydroxyapatite are heated 
in a CO./H.O atmosphere only A-type carbonated apatites are formed and 
that when more CaO is added B-type carbonate bands appear in the I.R. spec-
tra (see also ref. [12], [13] ), according to the following equations 
(for eq. 1 see ref. [2 ] ) : 
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Table 2. Products formed in CO. passed through dilute H.SO 
CaO 1 
mole % 
77.9 
77.7 
77.5 
77.3 
77.1 
76.9 
additional 
phases 
CaO 
CaO 
CaO 
CaO 
-
trace 0-Ca, l<P(V2 
a
2 
8 
9.^60 
9.^68 
9.Ί76 
9./t97 
9.5H 
9-522 
c
2 
8 
6.887 
6.885 
6.882 
6.879 
6.877 
6.872 
carbonate 
contents (w ' 
n.d. 3 
n.d. 
4.7 
'»J 
Ί.6 
4.5 
In the CaO-P-Oç system 
L a t t i c e parameters were reproduc ib le t o b e t t e r than + 0.005 8 
Not determined. 
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Table 3· Products formed in C0 7 passed through water of 90 С 
1 2 2 
CaO additional а с 
mole Ζ phase A S 
78.1 3 CaO, CaC03 ^ Э-^О 6.879 
77-9 CaO, CaCO S.^7 6.876 
77.7 CaO, CaC03 9.'tis 6.879 
77.5 3 trace CaO S.^O 6.877 
In the CaO-P.O,. system 
2 
L a t t i c e parameters were r e p r o d u c i b l e t o b e t t e r than or equal 
to + 0.005 8 
Two additional compositions introduced to extend the range respec­
tively to replace a supposedly contaminated sample 
il
 0 
At 1000 С CaO is the stable phase but CaCO- (trace) is formed 
during cooling when CaO reacts with CO«. 
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1600 eoo cm-
F i g . 2. I.R. spectra o f the products formed in a CO«-passed-through-
cone. H.SOi atmosphere between 1600 and 800 cm 
The arrows A and В i n d i c a t e f requencies a t which A- respec­
t i v e l y B-type CO.. absorbs. 
34 
A В A В 
Fig. 3· I.R. spectra of the products formed in a CO.-passed through-
dil. H.SOr atmosphere between 1600 and 800 cm 
The arrows A and В indicate frequencies at which A- respec­
tively B-type CO, absorbs. 
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A B A B 
1600 800 cm"1 
Fig. k. I.R. spectra of the products formed in a CO.-passed-through-
water of 90 С atmosphere between 1600 and 8OO cm 
The arrows A and В indicate frequencies at which A- respec­
tively B-type CO, absorbs. 
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Са 1 0(РО^) 6(ОН) 2 + а С0 2 ^ C a ^ P O ^ f i C O j . O H ^ + Ь Н 20 (1) 
С а 1 0 ( Р О 4 ) 6 ( К О 3 , О Н ) 2 + ^ СаО + рС0 2 : ^ С а ^ (PO^^ÍCOjJ^iCOj.OH) 2_ χ 
+ qH 20 (2) 
а, Ь, ρ, q, the ratio iC0,/0H and χ depend on the PCO./PH-O ratio (in 
our experiments the total pressure is atmospheric). 
These equations represent chemical equilibria. It can be seen that with 
CaO ^ 76.9 mole Ζ only the first equation is relevant. For CaO > 76.9 
mole %, AB-type carbonated apatites can be formed depending on x. 
From our experiments χ seems to be low at high PCO./PH.O ratio and in-
creaes when PH.O increases. 
The apatites on the left hand side and on the right hand side of equation 
(2) will probably form a solid solution and cannot be identified separa­
tely. In our experiments the equilibrium of equation (2) is reached when 
excess CaO has been added. Addition of more CaO should then not have an 
influence on the postion of the equilibrium (since it is a pure compound), 
although it might seem so in our experiments in CO_-passed-through-con-
centrated and diluted H-SO^: the a-axis still shows a decrease when CaO 
is present in excess as an additional phase although the decrease of the 
a-axis becomes smaller. But probably in our experiments the equilibrium was 
not yet reached. 
This implies that in fact the decrease of the a-axis is more marked and χ 
is higher than it seems here. This was confirmed by our finding (when 
preparing carbonated apatites for solubility studies) that when the star­
ting mixtures are preheated in air for about six weeks, and then for two 
weeks in a CO. atmosphere, in stead of heating them in a CO. atmosphere 
right from the beginning (as was done in this study), the decrease of the 
a-axis with increasing CaO mole % is more marked and traces of CaO are 
absent (for mixtures with CaO = 76.9, 77-1 and 77.3 mole % heated in 
CO.-through-conc. H.SOr). 
So it seems that in case of preheating in air for about six weeks the 
equilibrium can be reached relatively fast. 
It follows from equation (2) that when at a fixed PCO./PH.O ratio 
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(so χ is fixed) more CaO is added (but not in excess) AB-type 
carbonated apatite is formed. This will result in a decrease of the 
a-axis (c is generally far less affected) due to the formation of B-type 
CO, [6] and due to the formation of vacancies on (¿CO,, OH) positions 
[18]. 
This will also result in the strengthening of B-type CO. bands in the 
I.R. spectrum and weakening of the A-type CO, bands. These phenomena are 
all observed in our experiments. 
Whether the decrease of the a-axis is marked or not obviously depends on 
the value of x, the larger χ the more marked will be the change of the 
a-axis with increasing CaO mole percentage. 
In our experiments under the dryest conditions which we used, χ is 
probably low since the change of the a-parameter with increasing CaO is 
small. In the CO„-passed-through-dilute H.SOr atmosphere the decrease 
of the a parameter was very clear and so χ i s obviously higher here. 
For the CO?-passed-through-90 С water experiments only samples with 
high CaO mole percentage were used and the equilibrium seems to have 
been reached here and seems to be quite on the right hand side since al­
most no A-type CO, bands are seen in the I.R. spectrum and the a-axis is 
comparable to that of hydroxyapati te; χ seems to be in the order of χ 
in the dilute H-SOr experiments. 
In some of our samples traces of CaCO, are present which are formed 
during cooling from the reaction between some CaO and CO.. In order to 
check the influence of traces of CaCO. on the I.R. spectra we compared 
the I.R. spectrum of the sample containing 76·9 mole % CaO (in CO.-
through cone. H_S0.) with that of a sample containing 77.3 mole % CaO 
prepared by mixing part of the 76.9 mole % CaO sample mentioned before 
and CaCO.. No difference, possibly a slightly stronger ^ 870 cm band in 
the latter, was observed. 
In the I.R. spectra of the almost pure B-type carbonated apatites we 
still find two peaks around ^ 870 cm , one associated with the B-type 
CO, the other with A-type and possibly as mentioned above, to a small 
extent to CaCO,. 
In a further study the solubility of carbonated apatites prepared 
by this method will be determined and compared with that of the mineral 
of calcified tissues. 
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CHAPTER IV 
MAGNESIUM IN TOOTH ENAMEL AND SYNTHETIC APATITES. 
R.A. Terpstra and F.C.M. Driessens 
Institute of Dental Materials Science, 
Catholic University of Nijmegen. 
Summary 
Thé literature about the way in which Mg is present in tooth enamel 
and on the incorporation of Mg in synthetic apatites is reviewed. 
Then a theoretical consideration is given on the basis of ionic radii 
about the incorporation of Mg in F-, CI- and OH-apatite. 
Finally the results are given of experiments on the incorporation of 
Mg in fluor, chlor, hydroxy and carbonate apatite. 
It appears that the extent of incorporation of Mg in the apatite 
lattice if at all is very limited and that Mg in tooth enamel is to 
a very limited extent incorporated in the apatite lattice the main 
portion being surface bound or present in a separate phase. 
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1. Introduction 
X-ray diffraction patterns of powdered tooth enamel show that the 
mineral of tooth enamel is apatitïc ti]. Chemical analysis of tooth 
enamel has learned that the apatite involved is a basic calciumphosphate 
of formula Ca. .(PO. )/• (OH), (hydroxyapat ite) in which some of the Ca, OH 
and POl· positions are vacant or occupied by some of the impurities found 
in the chemical analysis. 
For the major impurities in tooth enamel, CO,, Na, K, CI and F it 
has been shown that they can be incorporated in the apatite lattice, but 
for Mg there exists some controversy about the question whether or not it 
can be incorporated in the apatite lattice. 
Although Mg constitutes only up to 0.6 weight % of tooth enamel [2] 
it is mentioned in connection with caries susceptibility of tooth enamel 
[3, Ί] · 
The crystal structure of hydroxyapati te is well known and has been 
determined by Posner et al [ 5 ] and was refined by Kay et al [ 6 ] . The 
Ca-ions occupy two different lattice sites. In one of these sites the 
ions are arranged triangularly around the hexagonal c-axis forming a 
sort of tunnel structure in which ions like OH , CO.. , F and CI 
can be found. 
From chemical analysis it is clear that Mg is present in tooth 
enamel. Tooth enamel consists of about 96% (by weight) mineral and k% 
non-mineral (water and organic matrix). Since X-ray diffraction only 
reveals an apatitic phase in tooth enamel mineral, the following three 
possibilities for the presence of Mg in tooth enamel can be thought of: 
1.1. Mg is incorporated in the apatite lattice 
Several attempts to incorporate Mg in the lattice of synthetic apa­
tites are known from the literature. Thewlis [7] in 1939 prepared 
Ca-Mg-hydroxyapatite (1.88 weight % Mg) by precipitation, however he 
found no change in the lattice parameters of the hydroxyapati te. 
Carlström [8] in 1955 states without any proof that the heating of 
ß-Ca,(P0i)_ with an appropriate amount of MgF» to 1000 С results in 
the formation of a fluorapatite of composition Ca.MgÍPO.),F„. But 
the hydroxyapati tes which he obtained from solutions containing some 
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magnesium in stead of calcium do not seem to be Ca-Mg-hydroxyapati tes. 
Trautz [9] in I955 did not succeed in precipitating an apatite with 
shortened axes from mixed calcium and magnesium-solutions. Klement 
and Haselbeck [10] in 1965 attempted to synthesize magnesium apatites 
but found that only so called "Wagnerites" were formed. Kreidler [11] 
in I967 attempted to prepare Mg-containing fluorapatite by solid state 
reaction. He found that the a- and c-axis of his apatite decreased when 
the Mg concentration increased (up to 10% of the cations) but in all 
his Mg-containing products he reports one or two additional phases which 
can also contain Mg. Neuman and Mulryan [12] in 1971 synthesized apatite 
crystals under approximately physiological conditions and in the presence 
of Mg-ions. Their conclusion was that the Mg-ions were strongly rejected 
by the apatite lattice. In aged crystals, they report, nearly 90% of the 
magnesium was located in readily exchangeable surface positions. Simpson 
[ІЗ] in 1972 states that the magnesium substitution in apatites is limited, 
which illustrates, according to Simpson, the general principle that ions 
significantly larger than Ca can be substituted, but smaller ions than Ca 
tend not to substitute extensively for Ca. 
González-Diaz and Santos [l'i] in 1978 found no specific magnesium com-
pound in their apatitic samples from renal calculi and infer, because 
no isomorphic internal Ca-Mg substitution is possible according to the 
same authors, that the magnesium competitively substitutes calcium on 
the surface of apatites. 
Patel [IS] in I98O and Chi ranjeevirao et al [16] in 1982 have des-
cribed precipitation experiments in the range of Ca.. Mg (POiL(OH)_ 
0 ί χ ξ 1. The results are however not consistent. In both papers 
a decrease of the a-axis is reported (9.372 to 8.722 8 ref. [15] and 
3-^23 to 9·289 8 ref. [16] ) while in one paper also the c-axis changes 
drastically (decreases). 
From this it would be expected that the molar volume decreases, but 
stikingly enough in both cases the experimentally determined molar 
volume increases. 
Verbeeck [17] carried out similar preliminary precipitation experiments 
as in ref. [15, 16 ]and found quite different results. These show that 
2+ 
small quantities of Mg present during the precipitation of calcium-
phosphates make the precipitate amorphous to X-ray diffraction. At higher 
Mg/Ca ratio's in the solution precipitates of Mg-(P0¿)-3H70 and of an 
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hitherto unknown magnes iumphosphate are formed. No evidence was found 
for the formation of a magnesium hydroxyapati te nor for the incorporation 
2+ 
of Mg into the structure of calciumhydroxyapatite. 
Featherstone et al [18] in 1983 state that the results of their study 
on Na, Mg (up to 0.39 weight %) and CO, containing apatites support the 
hypothesis that dental enamel also contains Mg-ions in its apatite like 
structure. 
In a recent study, ref. [191, no evidence was found for the incorporation 
of Mg in apatite in solid state reactions at 1000 С in air or in a 
carbondioxide atmosphere (CO- passed through either 75% H.SO. or 96% 
H 2SO A). 
LeGeros [20] in І98З reports Mg incorporation in Ca hydroxyapat!te by 
precipitation to be limited to about 0.4 weight %. The Mg incorporation 
caused a reduction in the a and с parameter. 
1.2. Mg is adsorbed or present in a separate mineral phase 
It has been suggested by some authors[12, Tt] , as mentioned before, 
that Mg is surface limited. Driessens [21] calculated that if Mg were 
completely adsorbed onto the tooth enamel crystals it would require a 
2 
surface area of 11 m /g. Misra et al [22] determined the surface area 
2 
of human enamel to be 4 m /g and for deproteinized human enamel they found 
2 
12 m /g. This would however imply, according to Driessens [21] that the 
gradient observed in tooth enamel for Mg would not be stable since the 
adsorption is reversible, and this is not observed. 
Several references exist about the probability of a second phase in 
tooth enamel apart from the apatite. Trautz et al [23] remark that the Mg 
concentration in teeth and bone is too low to form a detectable whitlockite 
phase. Hallsworth et al [3] report from demineral i zat i on experiments a 
magnesium and carbonate rich calciumphosphate which might be different 
from apatite and might constitute a caries susceptible component in the 
enamel. 
It has been suggested from Raman spectra of enamel, that the central core 
of enamel crystallites might contain a mineral structure similar to that 
of hunt¡te, a structure similar to that of apatite, but containing consi-
derable amounts of magnesium and carbonate [2Ц, 25]. 
Young [26] however failed to find any evidence of a second phase in un-
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treated tooth enamel using "unusually sensitive X-ray powder diffrac-
tion" and concluded that attention is best directed to possible sub-
stitutions and deficiencies within the apatite crystal structure. 
Driessens and Verbeeck [2 ] suggest that the mineral of tooth enamel con-
sists of three phases, the Mg being present in amorphous whitlockite of 
formula Ca qMg(P0.L(HPO.). Later Driessens and Verbeeck [ 27 ] refined this 
model so that now dolomite of formula CaMg(C0.). is suggested as the 
possible magnesium containing phase in tooth enamel. This refined model, 
according to ref. [ 27 ] explains some observations which could not be ex-
plained by the original three phase model. Since the amount of dolomite 
in tooth enamel would be only 1 to 2%, it is not surprising, according to 
ref. [ 27 ] that its presence has never been detected by physical methods 
of investigation. 
1.3. Magnesium is associated with the non-mineral part of tooth enamel 
About 1 weight % of tooth enamel is organic, and it has been sug-
gested that Mg might be associated with this part by Robinson et al [ 24] . 
They suggest the possibility of Mg being associated with enamel protein 
but they could not prove a direct relation, however, the magnesium dis-
tribution in dental enamel seemed simitar to the pattern of protein dis-
tribution, and high magnesium concentrations tended to occur in regions 
of low density which are often associated with high protein concentrations. 
2. Theoretical consideration of Mg incorporation in the apatite 
lattice on the basis of ionic radii 
As mentioned before, the cations in apatite occupy two different 
sites, one octahedral site (assuming a hexagonal closest packed arrange-
ment of POr "spheres") in which 9 oxygen atoms are near the cation; 
in the alternative site the cations are arranged triangularly around the 
hexagonal c-axis in the mirror plane (in case of the general space group 
P6,/m). In this latter site 7 oxygen atoms are near the cation. 
Kreidler [11 ] , on the basis of one of the Pauling postulates [28] 
has calculated a critical radius for a generalized cation site with co-
ordination number 8, assuming a regular oxygen coordination. 
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This gives 1.02 ζ R ^ l.^ tO Д in which R is the cation radius or in 
case of partial substitution the mean cation radius. From this it is pos­
sible to calculate the theoretical extent of substitution of Mg for Ca. 
Since the ionic radius depends strongly on the coordination number the 
generalization of the coordination number (C.N.) and sites for the cations 
is a very rough approach. 
Using the data of ref [291 we would conclude that Mg + (R+ = 0.86 8 
(C.N. = 6 ) , R + = 1.03 8 (C.N. = 8)) could substitute C a 2 + (R+ = 1 .1't 8 
(C.N. = 6 ) , R + = 1.26 8 (C.N. = 8)) completely. 
We have used a more refined approach to calculate whether or not Mg 
can substitute for Ca. We have calculated this for pure hydroxy-, fluor-
and chlorapati te, not for carbonate apatite since we have taken all 
the ions as spheres and this would be difficult for CO,. 
We will follow Kreidler [11] in that we also do not take into account 
polarizabi 1 ity,' and base our calculation solely on ionic radii. 
Two cases will be distinguished assuming that the coordination will be 
symmetric. In one case the cation has a coordination number of 6 and in 
the other it has a coordination number of 8. 
The POr "radius" is calculated from 
a
o
 = 2R(Ca 2 +) + 2R(X) + 2R(P0 4
3
") 
in which a is respectively 3-^3 8 (OH apatite [6], 9-38 8 (F apatite) 
[30] and 9.63 8 (CI apatite) [ASTM card 12-263]. 
It is assumed that the centres of gravity along the [100] direction of 
the ions are in one line, which is not exactly the case (fig. 1). 
2- -
R(X) refers to the radius of 0 (for OH apatite) or F (for F apatite) 
for CI apatite R(X) and R(X) have to be calculated taking in to account 
the position of CI exactly in between the mirror planes. 
R(X) is the distance between the c-axis and the calcium ion and R(X) 
is the distance between the c-axis and the phosphate ion (along [100 ] ). 
We have used R(0 2") = 1.Ί0 8, Rip") = 1.19 8 and RÍCl") = 1.69 8 (being 
¿ c 0 of chlorapatite). 
Then the mean PO^3" "radius" is 2.33 8 (C.N. = 6) and 2.20 8 (C.N. = 8) 
respectively. 
The apatite structure can be considered as a hexagonal closest packed 
arrangement of PO. "spheres" and then one of the cations sites is an oc-
tahedral site for which we can calculate a minimum required radius so that 
the cation still "touches" the surrounding anions [28]. Since we are inte-
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2+ 2+ 
rested in whether Mg which is smaller than Ca can substitute for 
2+ Ca we focus to this minimum radius: 
— 5· О.А14 for an octahedral site so 
R" 
К" = 2.33 8 (C.N.) = 6) or 2.20 8 (C.N. = 8) 
and so 
R + 5- 0.96 8 (C.N. = 6) 
R + » 0.91 8 (C.N. = 8) 
This site is not affected by the type of apatite as far as OH , F and 
CI are concerned. 
The alternative cation site is affected by the type of apatite (OH, 
F, CI) and the minimum radius will be calculated for each of these sub­
stitutions. The minimum radius required for a cation in this site to 
still "touch" all surrounding anions will be calculated. The anions of 
the first neighbors which are farest away are those PO. "spheres" 
which lie almost along one line with this cation site, this line being 
parallel to the c-axis (fig. 2 ) . 
From С of the apatite and the previously calculated "radii" (C.N. = 6, 8) 
of PO. , the minimum radius can be calculated (c = 2R + 2R , R = mini­
mum required cation radius, R = PO. radius). The results are summarized 
in table 1. 
According to ref [29] for C.N. = 6, the Mg + radius is 0.86 8 and 
then, on the above grounds substitution for calcium is not possible. 
For C.N. = 8, the Mg radius is 1.03 ° [29] and substitution can take 
place on the octahedral site. 
Given the uncertainty about which ionic radius to use, the substitution 
of Mg for Ca can not be excluded on the basis of ionic radii, although 
the small radius of Mg makes it a border line case (compare table 2 ) . 
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Table 1. Minumum required radii for substituting cations in 
different apatites for different coordination number 
apat i te R (octahedral) 8 R (altern.) 8 
min min 
C.N. = 6 C.N. = 8 C.N. = 6 C.N. = 8 
OHAp 
FAp 
ClAp 
6.88 
6.88 
6.78 
0.96 
0.96 
0.96 
0.91 
0.91 
0.91 
1.11 
1.11 
1.06 
1.24 
1.24 
1.19 
Table 2. Substitutions in Ca.. M (PO, L X , 
10-х χ ч 6 2 
for various extents of χ according to ref [29] 
M 
divalent 
cation 
radii (ref [29] ) 8 
C.N. = 6 C.N. = 8 
apatite type 
(X) [31] 
Mg 
Ni 
Cd 
Sr 
Ba 
Mn 
Pb 
0.86 
0.84 
1.09 
1.30 
1.50 
O.8I 
І.32 
1.03 
-
-
1.39 
1.56 
-
-
Cl 
' 
OH 
Cl 
OH; 
OH; 
OH; 
Cl 
Cl 
Cl 
but see also this study in which the incorporation of Mg in FAp 
is not confirmed. The reference is Kreidler [11]. 
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3. Experimental 
The hydroxy- and carbonate-apatites were prepared by heating mixtures 
of reagent grade CaHPO. , MgO and CaCO, in air, nitrogen which was passed 
through water of 90 С and different CO./H.O atmospheres respectively 
at 1000 C, for more than 6 weeks. 
The fluor apatites were prepared by heating mixtures of 
Ca 3_ xMg x(P0 / )) 2 (0 ί χ ί Ο.Ό, C a ^ g ^ P O ^ and CaF2 (optipur) at 920
 0C 
for 1 hour in air. 
The chlorapatite was prepared at 760 С in the same way now using 
CaCl_2H»0 (reagent grade) with a heating time of 1i hour (preheated for 
3Ì hours at 700 0 C ) . 
Identification of the products was carried out with a Philips X-ray 
diff Tactometer (using Ni-filtered CuKa radiation); accurate determination 
of peak positions was done with step scanning (0.05 ¡η 2Θ per step back 
packing the A1 sample holder, using an external Si-standard). 
For comparison of the X-ray patterns we used ASTM cards 9-'*32 
(СаЛРО.) OH, hydroxyapati te) and 12-263 (Ca^Cl (PO, ),, chlorapatite), 
ref [19, 32, 33] (Ca3_xMgx(POij)2 (0 <= χ « Ο.Ό, C a j M g ^ P O ^ and carbo-
nateapatite and ref [30] (CaçF(P0.),, f luorapat i te). 
b. Results 
O l . Experiments with hydroxy- and carbonate apatites in air, N./H.O and 
CO./H.O atmospheres 
In order to check whether Mg can be substituted in the apatite lat-
tice we have looked for changes in the apatite peak positions in the X-ray 
diffractogram and for the presence of additional phases. In none of these 
experiments we found any evidence for the substitution of Mg for Ca 
through change in peak positions or extrapolation of peak height of a se-
cond phase. 
We have chosen different atmospheres for various reasons: air and 
N./H-O because at 1000 С in air the oxy-/hydroxyapatite ratio (although 
small) is higher than in N.-passed-through-water of 90 С atmosphere [3** ] ; 
CO. has been passed either through concentrated sulphuric acid (96 weight %) 
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Table 3· Fluorapatite data 
Composition of mixtures 2Θ (CuKa) of (213) Additional phases 
CA3(POi|)2 + 1/3CaF2 
C a 2 . 8 5 M 9 0 . 1 5 ( P ( V 2 + 1 / 3 C a F 2 
Ca2.7M90.3(POi|)2 + 1 /3CaF 2 
^г.бз^о.зз^ г
 + 1 / 3 C a F 2 
0.82Ca2_6Mg0_/4(POit)2 + 0. ОЭСа^д^РО^)^ + 1/3CaF2 
0.5 і*Са 2 бМд о Л(РО і )) 2 + О.гЗСа^д^РО^) ц + 1/3CaF2 
49.60 
49.65 
49.73 
49.75 
49.74 
49.74 
C a 2 . 6 M 9 0 . 4 ( P O l » ) 2 + C a F 2 
+ Са3Мд3(РО І 4) І 4 
+ " + 
+ " + 
+ " + 
water at room temperature and water at 90 С because under these cir­
cumstances different types of carbonate apatite can be formed namely 
respectively A-type, mixed AB-type and almost pure B-type [32]. The dif­
ferent types refer to a different site for the incorporation of carbonate 
in the apatite lattice [35]. 
The ratio oxy-/hydroxyapatite and the position of CO, might have had 
consequences for the possible incorporation of Mg in the lattice. 
't.2. Preparation of Fluor- and Chlorapatites 
Kreidler [il] has attempted to prepare Mg containing fluorapatite. 
We have repeated his experiments and we find a similar shift in peak po­
sition in the X-ray diffraction pattern (fig. 3) as reported by Kreidler, 
but our second phase is Ca- ,Mg
n
 /.(PO.), and not ß-Ca-(P0r)2 (table 3). 
We have compared the X-ray diffraction pattern of the first mixture with 
Ca.. Mg (P0^)(-F_ and Ca. ¿Mg. L ( P 0 ^ ) ? with that of control mixtures con-
taining Ca. ¿MÇn л(Р0/,)о and ^..„(ΡΟΓΪ,Ρ. in the range of the molar ratio 
0 to 3 and found that almost all the Mg was in the second phase and that 
the apatite contained at the most 0.6 % Mg of the cations (Ca_ q/Mg.
 Q¿ 
(POjz-F.). (Compare: hydroxyapati te containing, like tooth enamel 2 
0.6 weight % Mg would have the formula Са„ ус^Яп 25^Р0І»^6^0Н^2' 
According to Kreidler [11] the apatite contains in this case Ί.δ % Mg 
of the cations. 
Our result of "0.6 % at the most" should be moderated by the fact 
that our control mixtures contain stoichiometric fluorapati te, while in 
the products the fluorapatite is probably not stoichiometric as we 
will argue below. This might give a slightly different ratio of peak 
heights in the X-ray diffractogram which we have related to molar ratio's 
of Ca 2_ 6Mg 0 > i ((PO i 4) 2 and Ca} Q Í P O , , ) ^ . 
The question why there is a shift in peak position as found by 
Kreidler and confirmed by this study remains to be answered. Our sug-
gestion is that this is due to the fluorapatite being nonstoichiometric. 
In order to, partly, clarify this, we have heated mixtures of CaF. 
and (3-СаЛР0г)_ with molar ratio's of respectively 1, 0.8, 0.6, 0.4 and 
0.2. We found a similar shift in peak position (fig. Ό after heating 
these non-stoichiometric mixtures in the X-ray diffraction pattern. 
52 
2 0 
1213) 
-i 
I! 
ι! 
I' i 
ih 
il 
ι 
— ρ -
This study 
- Ί 
Kremier 1967 
x .η С а ^ М э ^ Р . , 
F i g . 3 2Θ values o f (213) as a f u n c t i o n o f χ i n the 
h y p o t h e t i c a l a p a t i t e C a 1 0 . x
M 9 x ( p O i ( ) 6 ' r 2 . 
53 
49.70 
20 
(213) 
49 65 
49 60 
CaFj 
Саз(Р04)2 
Fig. 't 2Θ values of (213) of fluorapatite as a function of the 
molar ratio of the constituents (CaF. and Ca-iPOr)-) of 
the mixtures which were heated to produce fluorapatite. 
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Table 't. Chlorapatite data 
Composition of mixtures Additional phases in products 
C a2.85 M g0.15 ( P (V2 + 1/3CaC12.2H20
 C a 2 . 6 M 9 0 . 4 ( P ( V 2 + C a C 1 2 
Ca 2 7Mg 0 3(P0 1 () 2 + 1/3CaCl2.2H20 
C a2.65 M 90.35 ( P 04 )2 + 1/3CaCl2.2H20 
0.82Ca 2 i 6Mg 0_ Z }(PO / l) 2 + 0.09Ca3Mg3 (PO^)^ + 1/3CaCl2.2H20 » « + Са 3Мд 3(Р0 4) 4 
0.5kCa2 6Mg 0 /)(P0/|)2 + 0.23Ca3Mg3 (PO^)^ + l/3CaCl2.2H20 •• n + 
We could only not continue to decrease the molar ratio in order to explore 
the whole range of the shift in peak position because we would end up 
with 6-Ca-(P0.)_ only. In all these mixtures there is £}-Ca,(P0.)2 present 
as a second phase. 
We have done similar experiments with chlorapatite using CaCl„.2H.O 
in stead of CaF_ now. Here exactly the same phenomenon occurs: when Mg-
containing whitlockite (Ca-ÍPO.).) is heated with CaClj.ZH.O, chlorapatite 
is formed and the whitlockite 2 phase is now the Mg-rich end member of 
Ca, Mg (PO.),. 3-х эх ч 2 
Comparing the X-ray diffraction pattern of the first mixture (after heating) 
containing Ca-« Mg (PO.bCl, and Ca. ¿Mg. ¿.(PO,), (table k) with that of 
the first mixture (after heating) containing Ca-- Mg (POOtF? an^ 
Ca. ¿Mg. ¡,(P0¿)7 (table 3) then it is obvious that the second phase also 
contains all or almost all the Mg, so that there is at the most very 
little, in the order of 0.6 % of the cations, Mg ¡η chlorapatite. 
5. Discussion and conclusion 
From the review it appears that the amount of Mg that can be incor­
porated in the apatite lattice is very limited and that the Mg present 
in tooth enamel is possibly to a very limited extent incorporated in the 
apatite lattice and partly surface bound or present in a separate phase. 
The results of our experiments confirm that Mg incorporation in the apa­
tite lattice, if at all, is very limited. 
Mg in tooth enamel present in a different phase as suggested by some 
authors can not be excluded although such a phase has never been detected. 
It seems unlikely that all of the Mg present in tooth enamel is part 
of the organic matrix. The organic matrix constitutes about 1 % by weight 
of tooth enamel. Since Mg constitutes about 0.6 % by weight of tooth enamel 
this would imply that the Mg content of the organic matrix would be 60 %. 
However the amount of Mg in body proteins normally reported is about 0.2 % 
[36]. So only a very limited part of Mg in tooth enamel could be associa­
ted with proteins. 
So finally it can be concluded that incorporation in the apatite lat­
tice and association with the organic matrix are probably not the full 
explanations for the presence of Mg in tooth enamel. The remaining possibi-
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lities, i.e. that Mg is surface bound or present in a separate mineral 
phase should gain more attention in future research. 
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Abstract 
Eighteen connected nets have been determined for hydroxyapati te, and 
12 different F faces run parallel to at least one of these connected nets. 
The order of morphological importance of these F faces is determined by 
the slice energy, E,, . and compared to the morphological data for natu-
ral apatites. It is found that there is a close agreement between predic-
ted and observed morphology. It follows that the lowering of the apatite 
symmetry (P6-/m •* P2./b) due to the ordering of OH is not likely to be the 
cause of the occurrence of plate like apatitic crystals in calcified tis-
sues. 
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1. Introduction 
1.1. Statistical mechanical Ising surface models 
In order to study surface properties of crystal surfaces, Ising models 
for the crystal surface are frequently used. In Ising models a crystal is 
partitioned in cells, and these cells can have only two properties like 
spin up and spin down or as usual in crystal growth: solid or fluid 
[1,2,3,^]· In Ising surface models the interface crystal-fluid phase is 
again partitioned in solid and fluid cells and the crystal interface is 
considered as a gradient in solid and fluid cells going from a complete 
solid phase with a layer -00 to a complete fluid phase with a layer -н». 
Within these "gradient-I sing surface models" there are two types of sur­
face models namely type (i) the one layer model and (¡i) the infinite layer 
model. For models of type (i) the -n> layer to the zero layer is comple-
tely solid, the 1 layer is a mixed solid fluid layer and the second to 
the + ш layer is completely fluid. In models of type (i) the whole surface 
is reduced to one layer or a "two dimensional mixed solid-fluid crystal". 
For models of type (ii) in principle the interface consists of infi­
nite layers with a layer - ш completely solid and the layer -к» completely 
fluid. 
It follows from theories that a real interface consists of a few 
layers. Within the interface models of type (ii) very often the so called 
SOS (solid on solid) condition is introduced, which means that solid 
blocks only occur on top of other solid blocks, and overhangs and vacan­
cies are ruled out. 
It has been shown by Onsager in І Э М [5] that in simple two dimensio­
nal crystals a second order-disorder phase transition occurs and we will call 
the temperature at which this transition occurs the Ising temperature Τ 
and the corresponding dimensionless temperature (temperature divided by a 
bond energy) θ . 
Recently a theory has been developed by Rijpkema et al [6], which makes 
it possible to calculate θ for any complex planar two dimensional "crys­
tals" where the blocks are connected to each other by (in principle) first 
nearest neighbour bonds. 
It was found from computer simulations that in SOS models a phase 
transition occurs on the crystal surface. This transition has now been 
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clarified thanks to the work of theoreticians working in the field of re-
normalization theories [7,8,9,10,11]. 
It is interesting to note that the Ising temperature of a two dimen-
sional crystal and the roughening temperature as determined from computer 
simulations for simple models are numerically close to each other. From 
these data it is reasonable to assume that Ising temperatures of two di-
mensional crystals and corresponding roughening temperatures are close to 
each other also for more complex crystal structures. In order to determine 
which faces show an order-disorder phase transition or roughening transi-
tion so that they grow with a layer growth mechanism (spiral growth or 
two-dimensional nucleation), provided of course they grow below this tran-
sition temperature, we have to determine the two-dimensional crystals 
where the blocks are connected to each other. 
1 .2. Crystal graphs 
In order to do this we first determine the atoms, ions, molecules or 
complexes which occur in the mother phase from which the crystal grows. 
Next we determine the bonds between these species in the crystal structure 
and in this paper we will limit ourselves as usual to first neighbour 
bonds only. Next we reduce the atoms, ions, molecules or complexes to "cen-
tres of gravity". In this way the real crystal structure is reduced to a 
crystal graph i.e. a set of an infinite number of points with relations 
(bonds) between these points. The crystal graph fulfils the symmetry of 
one of the 230 space groups [12]. In practice the space group often cor-
responds to the space group of the crystal structure under consideration. 
From such a crystal graph the so called two dimensional connected nets 
have to be determined. A connected net is a two dimensional graph, where 
all the points are connected to each other by paths of bonds. Such a con-
nected net shows an order-disorder phase transition according to the theo-
ry of Onsager and its extension to complex crystal structures by Rijpkema 
et al [13]. 
1.3. Crystallographic rules to determine connected nets 
The physical principles, which determine whether a surface will have 
an order-disorder phase transition, can be translated in crystallographic 
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rules to determine from a crystal graph the connected nets [12]. It is 
shown in ref. [12] that in order for a possible connected net to be a 
real connected net it is necessary that the whole crystal graph can be un­
ambiguously divided in stacks of equal connected nets, where the basic 
structure of these connected nets have no points in common. Furthermore it 
must be possible to transform the connected nets into themselves and into 
each other by those symmetry operations or elements of the space group of 
the crystal graph, which do not change the orientation of the connected 
net given for example by its reciprocal vector Η,, l· It will be shown in 
this paper that this implies that for all orientations (hkl) in essence at 
the most two parallel connected nets, shifted over a distance i d . , , 
nhnknl (d , . . i s the interplanar distance corrected for the space group) in 
nhnknl к г э r» 
reference to each other can be identified [12]. 
Ι.Ί. Hartman Perdok theory 
The crystallographic principles to be used in this paper to determine 
connected nets from a crystal graph go back to the morphological crystal-
lographic theory of Hartman and Perdok [14,15,16,17]· In this theory the 
concept of Periodic Bond Chain (PBC) plays an essential role. A PBC can 
be defined as an uninterrupted path of bonds to be identified within the 
crystal graph and having a period [uvw] of the crystal graph. 
Two versions of the PBC concept are used nowadays: primitive PBCs and 
complete PBCs. In the last case to one or more primitive PBCs side bran­
ches are added so that a complete PBC is obtained having a stoichiometric 
composition. Then the whole crystal graph can be partitioned into equal 
complete PBCs. Complete PBCs consist of one or more cores of primitive 
PBCs to which a so called periphery of side branches is added [18]. 
Another concept which plays a key role in the Hartman Perdok theory is 
the concept of F face. An F face can be defined as a crystallographic face 
(hkl) parallel to a connected net. Such a connected net is also called F 
slice [18]. An F slice or connected net consists of at least two different 
sets of PBCs which are connected to each other. In order to determine con­
nected nets, it is sufficient to check whether primitive PBCs form a con­
nected net. A stack of real connected nets further must fulfil the symme­
try rules mentioned above. We note that the Hartman Perdok theory has been 
further developed by Strom using graph theory [19,20]. This makes a com-
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puterized determination of connected nets possible [21]. 
1.5. Determination of growths forms 
In order to determine the relative growth rates of different crystal-
lographic forms hkl parallel to connected nets we will use in this paper 
^u ι
 r
slice , _att
 Γ
,_
η
 .slice ,. , . . 
the usual E.. , and E.. . Ll/J· E,, , is the energy of a molecule or hkl hkl hkl s' 
stoichiometric unit within the connected net under consideration. Ε., , is 
hkl 
the energy to remove a stoichiometric unit from its crystallographic po­
sition on the connected net and is the complement of E.. , given by the 
relation 
Е
С Г
 = E a t t + E s l l c e (1) 
ь thkl thkl u ; 
с г 
where E is the crystallization energy, which is a bulk property inde­
pendent of the connected net under consideration. 
In order to construct growth forms we will assume in this paper that 
the rate of growth R.. . of a face (hkl) of a crystal lographic form {hkl} 
is proportional to E^, , . Although a parallel relation between E... and 
R,, . (in the sense that for two faces the relation holds: if E ? 1 1 > E?1-1 
then R. > R.) can be strongly justified from crystal growth theories 
[12,22] a strict proportionality is not predicted by these theories. Yet 
using this proportionality growth forms can be predicted which are in good 
agreement with observed growth forms [23]. 
In this connection we want to mention the work of Berkovitch-Yel1 in 
et al [2k] , where it is shown that predicted and observed growth forms of 
a variety of organic crystals agree quite well. 
1.6. Other criteria to determine growth forms 
Recently two other criteria have been applied to determine the relative 
morphological importance (M.I.) of F faces. Here the M.I. is defined as a 
statistical measure for the relative frequency of occurrence and/or rela­
tive size of the faces of the form {hkl}. The first criterion is the sum 
and product of edge energies of a connected net along two crystallographic 
directions with the lowest possible edge energies. It was shown that the 
larger these quantities the larger the M.I. (see for example ref. [18]). 
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The next criterion is the dimensionless Ising temperature θ , for which it 
can be shown that the higher θ the higher the M.I. [6]. We will use both 
criteria to investigate the M.I. of the F faces of apatite in a forthcom­
ing paper [25], where the structure of connected nets will be investigated 
in detai1. 
1.7. Bond energies at the surface 
We note, that for the crystal fluid interface, within the frame work 
of Ising models bond energies have the usual form: 
Φ = <f>Sf - i ( φ " + φ " ) (2) 
where s and f refer to solid and fluid respectively and the corresponding 
bonds to solid-fluid etc. bonds, ff and sf bond energies are not known, 
but in the following we will assume as usual that φ bonds are proportio­
nal to the φ bonds. This assumption has led to good results for garnet 
[18] and organic molecules grown from organic solutions [26]. 
1.8. Aim of the paper 
It is the aim of this paper to apply the crystallographic principles, 
which result from the statistical mechanical theories of roughening tran­
sition and order-disorder phase transition in two dimensional connected 
nets to the complex crystal structure of apatite. This is the most impor­
tant phosphate mineral and a lot of morphological data are known. In bio­
logy this crystal structure plays a key role in teeth and bones. 
2. Apatite structure 
2.1. Chemical composition of apatites 
The general formula for the group of minerals called apatite is 
Ме 1 П(АО и),Х.. In this paper, although not essential, we use Me = Ca, A = Ρ 
and X = OH so that we get what is often called the prototype of the miner­
al in bone and teeth: Ca.-ÍPO.),(OH)., hydroxyapati te. Other substitu-
tions that are known to occur in these mineralized tissues are Me = Na, К 
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and possibly Mg, АО, = CO,, Χ = i СО^ (tooth enamel), F, Cl. 
In apatites occurring in nature and in synthetic apatites numerous sub­
stitutions are known to occur. Apatite got its name meaning "to cheat" be­
cause it was often confused with other minerals [27]. 
2.2. Structure and space group of apatites 
The crystal structure of hydroxyapati te has been determined by Posner 
et al [28] and was refined by Kay et al [29]. The apatite structure can be 
described as a distorted hexagonal closest packing of АО. "spheres". The 
cations occupy two different sites. One (Ca I at 1/3, 2/3, Z) is an octa­
hedral site, occupied for 2/3 by cations, so in between the planes of АО, 
"spheres", the other site (Ca II at X, Y, 1/4) ¡ s in the plane of АО. 
"spheres" along the main axis. 
The X-ions are situated on the main axis and the space group depends 
on the position and orientation of the X-ions. For X = F, the F is in the 
АО, plane and the space group is P6 /m. 
In X = CI, the CI is out of the АО. plane, ordering of the CI in a 
column (on the main axis) and ordering of the columns results in the 
monoclinic space group P2./b [30]. 
In X = OH, the OH is not exactly in the АО, plane, its axis is paral­
lel to the main axis and the orientation of the OH can either be random 
-then the space group is P6,/m- or ordered in a column (rows of OH ions 
are formed) and then the ordering of these columns results in the mono-
clinic space group P2./b [30]. 
2.3. Types of bonds in hydroxyapati te 
Only the bonds that are formed during the crystallization process are 
relevant for the morphological analysis. And only first nearest neighbour 
interactions are considered, but this approximation gives good results as 
has been shown amongst others for garnet [18] and as will also appear from 
this paper. 
For the analysis the crystal structure is simplified to centres of 
gravity representing the growth units. These are interconnected and form a 
crystal graph. The interconnections represent first nearest neighbour 
bonds. 
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The types of bonds that are relevant then are 6 different Ca-PO. bonds 
and one Ca-OH bond. 
The energy of these bonds can be calculated on the basis of coulombic 
interaction. The charge on each PO. oxygen is taken to be -І.О^Зе and 
on the phosphorus +1.192e according to ref. [31]. The charge on the oxy­
gen of OH is taken to be -2e. It is found then, using the coordinates of 
ref. [28] that the energies of the 6 different Ca-PO. bonds are very close 
to each other and lie within the range of 2Ί31 kj/mol + (>%. The Ca-OH 
bond energy is 1269 kj/mol. 
For the calculation of the slice energy we will assume the Ca-PO. 
bonds to be equally strong and the Ca-OH bond will be taken half as strong 
as the Ca-PO. bonds. 
In Fig. 1 a projection along the [001] direction of hydroxyapati te is 
shown. The different types of bonds are shown, as well as the ζ coordinate 
of the ions. 
З. Application of the Hartman-Perdok theory [I4»-!?] to apatite 
3.1. Geometrical criterion to search for the most important PBC directions 
According to the Hartman-Perdok theory, the morphology of a crystal is 
governed by uninterrupted chains of strong bonds running through the struc­
ture and having a period [uvw] of the lattice. Such a chain of strong 
bonds is called a complete periodic bond chain (PBC). Only strong bonds 
that are formed during the crystallization process are relevant. 
Complete PBCs have the stoichiometry of the crystal structure, and it 
is expected that the shortest translation distances are potential PBC di­
rections. 
Table 1 shows the PBC directions and the length of their period which 
resulted from an investigation of the shortest translation distances. It 
is interesting to note that Amelinckx [32] has found growth spirals on 
{10Ϊ0} which are parallel to <001>, <100> and <101>. 
3.2. Geometrical criterion for the search for F slices 
The morphological importance of a crystal form {hkl} is a relative 
statistical measure for the frequency of occurrence of one or more members 
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of this form and/or its relative size. 
According to the classical law of Bravais-Friedel [33] the morphologi­
cal importance (M.I.) of a crystal form {hkl} decreases with decreasing 
interplanar spacing d.. .. 
This law was first extended by Donnay and Marker [З^] by taking into 
account screw axis and glide planes and later by Donnay and Donnay [35] 
by also taking into account pseudosymmetr¡c features. 
In table 2, d... values for hydroxyapatite (ICPDS-card Э-^ЗЗ) are 
shown (leaving out the higher order reflections). This gives the order of 
the M.I. according to the Donnay-Harker law. 
From the order of the M.I. according to the Bravais-Friedel law shown 
in the next column of table 2, it can be seen that the M.I. of (0002), in 
fact (0001) is much higher here since the 6, (or 2 ) axis is not taken in­
to account. 
It will be shown further on that in (0111) possibly pseudohalving oc­
curs. This would, according to the Donnay-Donnay extension decrease the 
morphological importance of (0111). We will argue further on however that 
(0111) is the F-slice determining the growth layer thickness rather than 
(0222). The application of the Donnay-Donnay extension is shown in the 
next column. 
The last two columns show respectively the character (F for a slice 
with two or more interconnected PBCs and S for a slice with only one PBC) 
we found for these forms, and finally the observed statistical persistence 
obtained from the examination of 182 drawings in Goldschmidt [36] It ap­
pears that the Bravais-Friedel law gives the best prediction. 
3.3- Survey of potential F slices or connected nets using a stereographic 
projection 
When the circles of zones that are parallel to one of the PBC direc­
tions from table 1 are drawn in a stereogram the points of intersection 
represent faces that are parallel to two or more PBC directions and so 
they are potential F faces (fig. 1). These potential F faces from the ste­
reographic projection are examined in one or more of the projections in a 
PBC-direction further on. Anticipating our analysis, it can be shown that 
only the points of intersection that have been marked are real F faces. 
All the faces that have been marked belong two different forms, equi-
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Table 1. The PBC directions used in this study to search for potential 
F slices and the length of one translation expressed in 
a = Э.Ы 8 
о 
PBC length of one translation 
in PBC direction (a ) 
о 
<001> 
<100> 
<101> 
<120> 
<121> 
<122> 
<Ï20> <210> 
0.73 
1 
1.2ÍI 
1.87 
1.98 
2.27 
l.bk 
Table 2. The order of the M.I. according to various laws, the character 
we found and the observed M.I. order for natural apatites 
hkil 
10Ï0 
0111 
1120 
1121 
0221 
0002 
0112 
2130 
1230 
2131 
1231 
1122 
3031 
dhkl 
8.17 
5.26 
Í..72 
3.88 
3.51 
l.kk 
3.17 
3.08 
3.08 
2.81 
2.81 
2.78 
2.53 
Donnay 
Harker 
1 
2 
3 
k 
5 
6 
7 
8/9 
8/9 
10/11 
10/11 
12 
13 
Bravais 
Friede! 
1 
3 
i) 
5 
6 
2 (doooi) 
7 
8/9 
8/9 
10/11 
10/11 
12 
13 
Donnay 
Donnay 
1 
12 
2 
3 
it 
5 
6 
7/8 
7/8 
9/10 
9/10 
11 
13 
character 
S 
observed 
1 
3 
5 
it 
6 
2 
7 
11 
11 
8 
8 
9 
? 
0002 
2130 
Fig. 1. Stereographic projection of apatite (point group 6/m). 
The points of intersection of the zones parallel to a PBC di-
rection are potential F faces. The dots are the faces that ap-
peared to be real F faces after investigation. 
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valent faces can be obtained by applying the symmetry of the point group 
6/m. 
For comparison with table 1 it should be noted that <121> Ξ [121] and 
equivalents, <122> Ξ [122] and equivalents etc. 
ЗА. Procedure to determine F slices or connected nets 
The approach was to examine the potential F faces from the stereogram 
in the appropriate projections in different PBC directions, and to this 
end the criteria developed for the determination of connected nets of ref. 
[12] and which have been mentioned in section 1.2. and Ι.Ί. already, were 
used. Connected nets run parallel to F faces and they are called F slices 
[12]. 
For the determination of the connected nets and so of the F slices the 
PBCs need not to be stoichiometric, as was required by the actual defini­
tion [l^-iy]. We recall that these criteria for the determination of the 
connected nets were the following (i) the whole crystalgraph must be par­
titioned into independent basic connected nets and (ii) the set of basic 
connected nets must be invariant under those symmetry operations or symme­
try elements which leave the direction of the reciprocal vector Η , , ,, 
r
 -nhnknl 
perpendicular to the F slice (nhnknl), invariant or change it into 
-nhnknl' 
In the present study it was realized that criterion (ii) implies that 
the symmetry elements meant above Can only be situated exactly in the 
border of a slice or exactly in the middle of a slice. 
This means that always only two alternative F slices (nhnknl) are pos­
sible, shifted i d . . , in reference to each other. 
' nhnknl 
This principle is illustrated for the two potential F slices (1010), _ 
seen edge on in the [001] projection (fig. 2) where now only the symmetry 
elements are shown. It should be noted that 6 and 6, are not relevant in 
the sense of criterion (ii) but only 2. as a subgroup of 6, is relevant 
here. 
It can be seen from fig. 2 that indeed only two alternative potential 
F slices (1010), _ can be drawn, of which the border lines are not neces­
sarily straight. The relevant symmetry elements however have to be located 
exactly at the border or in the middle of the slice, otherwise criterion 
(ii) will be violated and then the slice cannot represent a real connect 
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(1010)! 
(1010), 
Fig. 2. Projection in [001] direction showing the two (10ÏO) alterna-
tives relative to the position of the twofold screwaxes and 
centres of symmetry. Of the six fold screwaxis (6 ) only the 
sub group 2. is relevant. The sixfold inversion axis is not 
relevant in the sense of the second criterion of ref. [12]. 
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net. 
We note that so far we only have partitioned the space of a crystal 
graph in "empty" slices. It cannot be predicted whether the two alterna-
tive "space slices" will always be filled with two alternative connected 
nets. This depends on the actual crystalgraph. In this connection it is 
interesting to mention that in case of garnet of the six F faces alterna-
tives for {1(00} and Ík20} were absent [18]. If slices become sufficiently 
thin both alternative empty slices cannot be filled with connected nets. 
It has to be noted that although in principle only two alternative 
F slices (nhnknl) are possible, for each alternative slice more alterna-
tives may be found by attaching and detaching different points of the 
graph in the boundary to the F slice. 
But as soon as assumptions have been made about the relative bond 
strength in the crystal it will be clear how the border line of a slice 
has to be drawn and what the position of an atom (at the border) in the 
slice has to be, to make the slice (connected net) as strong as possible. 
3.5. Labeling of PBCs and slices 
The PBCs are labeled with the symbol [uvw] , where [uvw] indicates 
xy 
the period of the PBC, χ is used to distinguish between different PBCs 
with equal [uvw] and y to distinguish between equal PBCs in different 
si ices. 
The F slices are labeled (nhnknl) where h, к and 1 are Miller indices 
ζ ' 
of the corresponding F face and η depends on the presence of (pseudo-) 
symmetry operations affecting the slice thickness, ζ equals 1 or 2 in case 
of two alternative F slices, in the absence of an alternative slice, ζ is 
not relevant. 
In the projections in the four PBC directions the PBCs that are drawn 
are seen end on. In some of the projections some non-equivalent atoms 
overlap and this can be recognized when in the projection one atom (in 
fact two overlapping non-equivalent atoms) seems to belong to two differ­
ent PBCs in one slice or in different slices. But in this case always one 
atom belongs to only one PBC. 
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k. Projections in four different PBC directions 
4.1. Projection in [001] direction 
It can be seen from fig. 3 that nine PBCs [001] can be identified 3
 xy 
in the projection in the [001] direction. These occur in six different F 
slices. These slices are the following (xy of the PBCs [001] occurring 
in the slice will be given between brackets): (10Ï0)2 (1.1), (10Ï0)1 (2.1), 
(2130) (3.1, 4.1), (1230) (4.2, 3.2), (1120)2 (5.1), (1120^ (6.1, 4.3). 
The slices (2130) and (1230) are two slices with equal PBCs but with dif-
ferent bonds between those PBCs. The slices (1010). „ and the slices 
(1120). . are shifted i dln-n respectively ¿ dii?n 'n reference to each 
other. 
4.2. Projection in the [100] direction 
It can be seen from fiq. 4 that ten PBCs [100] form nine F slices of s
 xy 
which seven are new. These slices are the following (xy of the PBCs 
[100] occurring in the slice is given between brackets): (0221). (1.1), 
(0221)2 (2.1), (0002) (3.1), (01Ï0)2 (4.1), (01Ï0), (3.2), (01Ï2) (5.1), 
(01І1), (6.1), (01Ï1)2 (7.1), (0222) (8.1, 9.1). 
The slices (0221). ,, (0110) and (01Ï1). _ are shifted respectively 
1 ,¿ I
 t¿ I ,¿ 
i ^0221' ^ 'Όΐϊπ аг"* ^ ^ΠΙΪΙ 'n г е^ е г е п с е t o each other. For the slices 
(0111). . it is also possible to determine F slices with thickness i d.. r. . 
Two F slices (0222). „ are formed which are related through a centre of 
symmetry so that the slice energy E of slice A and В is exactly the 
same. Both slices however expose a différent surface to the solution, so 
that the. attachment energy E and the growth kinetics will in principle 
be different (see also ref. [37] where this problem is treated extensively) 
If E and the growth kinetics are very different for the two slices 
A and B, one of the two surfaces will be energetically favoured and growth 
will occur in layers with thickness d-.r.. 
If E and the growth kinetics of the two slices A and В are similar 
then growth will occur in layers with thickness d
n
.z.. 
The slice energy E which we will use to predict the morphological 
importance (M.I.) of the F slices will be smaller for the slices (0222). „ 
than for (0111). , and so there will be a difference in the predicted 
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(1010), 
Fig. 3. Projection in [001] direction. See section Ό , 
(ОНО). 
• о о · © ·ο· 
Fig. k. Projection in [100] direction. See section k.2. 
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(0002) 
(1121), 
(1120)2 , 
t 
о сею о ттооттюФ · СЮР ССЮ 
Φ 
oßS» · о'GS» · о GS» · О Œ»ép GS» · 
Φ 
ρ · СЮ о »СЮр..· сю Ф ССЮ ¿ · сю 
(1122) 
: (1120), 
Fig. 5. Projection in [110] direction. See section 4.3. 
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P04 OH Ca 
(1010). 
(oiii)2 
(Olli) 
Fig. 6. Projection in [011] and [101] directions. See section k.k. 
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morphological importance. 
From the best agreement between the predicted M.I. on the basis of 
sii ce E and the observed M.I. of the sii ces concerned i t wi 1 1 eventually be 
clear what will be the thickness of the growth layer. 
It should be noted that in case of two alternative slices with equal 
d.,, which are shifted i ά., , In reference to each other, the slice with hkl hkl 
the higher slice energy will determine the predicted M.I. 
'•.З. Projection in the [110] direction 
It can be seen in fig. 5 that six PBCs [110] form six F slices of 3
 xy 
which three are new ones. These slices are the following (xy of the PBCs 
[1Î0] is given between brackets): (0002) (1.1), (1120)2 (2.1), 
(1120)1 (3.1), ( П 2 1 ) 2 Ct.l), (1121), (5.1), (1122) (6.1). The F slices 
(0002), (1120). and (1120). had already been determined. The slices 
(1121h
 2 and (1120) , „ are shifted i d..;, respectively Ì diiön in refer' 
enee to each other. 
Ί Λ . Projection in the [011] and [10Ϊ] direction 
It can be seen from fig. 6 that eight PBCs [011] form eight F slices. 
These slices are the following (xy of the PBCs [011] is given between 
brackets): (12Î2) (1.1), (10Ï0), (2.1), (10Ï0)2 (3.1), (0111), (2.2), 
( 0 Π 1 ) 2 (ί».1), (1121), (5.1), ( Π 2 1 ) 2 (6.1), (2131) (7.1). 
The slices (ΙΟΪΟ),
 2, the slices (01Ϊ1), 2 and the slices (1121), 2 
are shifted respectively ¿ d i n 7 n , i ά.,τ. and ¿ ^ііті 'n reference to each 
other. The slice (2131) Is the only slice in this projection which had not 
been determined yet.· 
In the insert in fig. 6 it can be seen that in the projection in the 
[101] direction one new F slice (1231) is determined. 
r c- ι ι ..· r rSl ice 5. Calculât ion of Ε., , nk ι 
E., , is the total energy of all bonds in a slice per stoichiometric hkl ^' 
unit and it can be used as a measure for the morphological importance of 
a slice (hkl) [22]. In table 3 E,,. is given for the F slices found in 
this study and the M.I. order which follows from Ε.. , is compared with 
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Table 3. E,, . and E . calculated for all connected nets determined in this study 
Connected 
net 
(hkil) 
(ioîo)1 
(ιοϊο)2 
(οιϊι)1 
(οιπ) 2 
(И20) 2 
(1120)1 
(0002) 
(1121)1 
(1121)2 
(0221), 
(0221)2 
(2130) 
(1230) 
(0222) 
(01Ϊ2) 
(1122) 
(2131) 
(1231) 
No. of 
type 
Са-РО^ 
h2 
k2 
36 
36 
36 
32 
зо 
28 
28 
26 
26 
26 
26 
2ί» 
23 
2k 
21 
21 
bonds of 
Ca-OH 
6 
k 
6 
6 
k 
6 
6 
6 
4 
ή 
k 
Ц 
1» 
6 
6 
it 
i* 
k 
_sl ice 
ЧкІ 
( Ф
с
-
р о
м 
Ь5 
1)/. 
39 
39 
38 
35 
33 
31 
30 
28 
28 
28 
28 
27 
26 
26 
23 
23 
att 
hkl 
( ф С а - р % 
12 
13 
189 
1 8
_ 
19 
22 
2it 
26 
27 
29? 
29J 
29 
29 
30 
31 
31 
ЗА 
3*» 
Ml 
predicted 
order 
1 
-
2 
3 
-
i* 
5 
-
6/7/8 
6/7/8 
6/7/8 
9 
10/11 
10/11 
12/13 
12/13 
-si ice 
hkl 
(for 
Ф
С а
-
о н
=о) 
k 2 Ì 
ьг] 
36 7 
36j 
36 
32 
30 
289 
28j 
26-; 
26. 
26 
26 
2A 
23 
24 
21 
21 
Ml 
predicted 
order 
1 
2 
3 
-
4 
5 
6/7/8 
6/7/8 
6/7/8 
9/10 
11 
9/10 
12/13 
12/13 
Ml 
observed 
order % 
1 
ЗЛ 
5 
2 
3/Ί 
6 
112 
11, 
comp 
7 
9 
β? 83 
(97) 
(72) 
(64) 
(89) 
(72) 
(59) 
(11) 
.(0111) 
' 1 ^ 
(54) 
(23) 
(40) 
the observed Μ. I . 
For the relative bond strengths we have assumed that all Ca-PO. bonds 
are equally strong and that the ratio of such a mean Ca-POr bond and a 
Ca-OH bond is фСа'?0Ц : ф С а " 0 Н = 2 : 1 (see also section 2.3.) . 
E,, . is expressed in φ ч / cell contents. In table 3 also the 
attachment energy E... is given which is related to E... through eq.(l) 
(see section 1.5.) 
pcr _ c
att
 . r
sl' c e 
t
 ~ hkl hkl 
E is a bulk property and the same for each slice. For hydroxyapati te 
E equals 57 (Φ / cell contents) and is constituted from 5k Ca-PO, 
bonds and 6 Ca-OH bonds. 
In order to find out the importance of the Ca-OH bond for the morpho­
logy of apatite we have also calculated E.. . for the hypothetical case 
where φ = 0 (see table 3). 
6. Conclusion and discussion 
The prediction of the order of morphological importance by Ε, , . 
is in good agreement with the observed M.I. From the much better agreement 
between the predicted and the observed M.I. of (0111).. , compared to (0222) 
we concluded that the growth layer thickness will be d-.T.. 
Furthermore we note that the Ca-OH bond has no influence on the order 
of the morphological importance (table 3)· Taking this bond zero does also 
not change the character of any of the F faces which have been determined. 
This is an interest ing
 #result in the light of a suggestion about the pos­
sible cause for the low symmetry of biological apatitic crystals by 
Elliott et al. [30]. As has been refered to in this paper already, Elliot 
suggests that the low symmetry might be due to the ordering of OH and 0H-
columns which results in a lowering of the symmetry of the space group 
from P6 /m to 92./b. 
If at all this ordering of OH has any influence on the Ca-OH bonds it 
will not be significant and there will still be a pseudo symmetry P6,/m, 
so that we expect monoclinic hydroxyapati te to have the same morphological 
appearance as hexagonal hydroxyapati te. 
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CHAPTER VI 
ISING CRITICAL TEMPERATURES OF CONNECTED NETS 
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Abstract 
The Ising temperatures of connected nets of apatite are calculated 
and the order of morphological importance (M.I.) of the F faces is deter-
mined and compared to the order of M.I. according to other criteria like 
the slice energy, the sum and product of the edge energies and the clas-
sical interplanar distance. 
The predictions for the M.I. of the F faces according to the diffe-
rent criteria are quite similar and agree well with the observed M.I. for 
apati te. 
Examples of the structure of characteristic nets of apatite are shown 
as well as their transformation to rectangular Ising nets which is an 
essential step in the calculation of the Ising critical temperature. 
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1. Introduction 
1.1. Crystal graphs and connected nets 
From the work of Hartman and Perdok, their coworkers and others there 
is now strong evidence that most crystal growth forms are dominated by 
strong F faces [1-5] · 
From a modern point of view F faces are defined as crystallographic faces, 
which are parallel to connected nets, also called F slices [6-8] . Connec­
ted nets are defined as nets consisting of at least two sets of PBCs (Pe­
riodic Bond Chains). PBCs are defined as uninterrupted chains or paths of 
bonds with the periodicity [u ν w] of the lattice. In order to disconnect 
a connected net, bonds have to be cut along two different crystallographic 
directions. Connected nets also are defined as nets, where any point of 
the net can be reached from any other point by uninterrupted paths of 
bonds. 
In order to determine the connected nets of a crystal structure, this 
structure must be reduced to a crystal graph. A crystal graph is defined 
as an infinite set of points with relations between these points. As a 
rule the space group symmetry of the crystal graph is the same as for the 
structure from which it is derived. The crystal graph is obtained from 
its corresponding structure by reducing molecules, complexes, ions etc., 
as they occur both in the mother phase (from which the crystal is formed) 
and in the structure, to centres of gravity or points. The relations be­
tween the points correspond in practice to first nearest neighbour bonds. 
Applying crystallographic rules derived from the concept of connec­
tedness it is then possible toderivethe connected nets of a crystal graph 
[7-10] . It can be shown that as soon as centres of symmetry occur in the 
crystal graph, or even axis or even screw axis or mirror planes or glide 
planes parallel to the connected nets, that for each F face ( h к I) two 
alternative connected nets may occur. Sometimes also connected nets con­
sist of two symmetrically equivalent half nets [7-10] . We note that the 
determination of connected nets from complex crystal structures is a 
tedious job. Therefore computers are also used [11-13] . 
In the theory of crystal growth based on statistical mechanics, the 
concept of connected nets plays a key role [8, 14-16] . This is because 
as shown by Onsager [17] . Burton, Cabrera and Frank [1^,15] and recent 
86 
extensions to complex nets [8, 17] , connected nets show a roughening or 
order-disorder phase transition. In the following we will write for the 
dimensionless Ising temperature corresponding to this phase transition 
с
.
 с
 is expressed as kT/0, where к is the Boltzmann constant, Τ the abso­
lute temperature and 0 a bond energy. 
If the actual (dimensionless) temperature θ is smaller than θ the F 
face will grow by a layer mechanism and if θ is larger than θ it will 
grow as a rough face. At this point the statistical mechanics of surface 
models and klnetical crystal growth models meet. 
1.2. Criteria for the morphological importance of F faces 
In the following we will investigate different criteria to determine 
the relative morphological importance (M.I.) of F faces of a crystal form 
{h к 1}. 
The M.I. of a crystal form {h к 1} of symmetrically equivalent faces is 
defined as a relative statistical measure of the frequency of occurrence 
and/or the relative size of the faces. The more often a face of {h к 1} 
occurs and/or the larger its size on the growth form the higher its M.I. 
The following criteria are used and compared: 
(i) The conventional E. 'z. [1-6] 
Here E. , . is the energy per stoichiometric unit in a slice. We take as a 
reference the state, where the ions are infinitely far apart from each 
other. This state will be called vacuum. The complement of E, , . is the 
attachment energy E. . .. This is the bond energy of a stoichiometric unit 
located on top of a connected net in a crystal lographi с position. The fol­
lowing relation holds: 
att slice Cr
 ( . 
h к 1 th к 1 ь к ' 
where E is the crystallization energy per stoichiometric unit in refe­
rence to the vacuum. 
Contrary to E. . . and E. . ., E is a bulk property independent of a 
particular connected net [1-6] . 
It can be justified that the advance velocity of a face is higher 
the higher E, . . [5, 6] and crystal growth forms can be constructed as­
suming that R is proportional to E . This recepie has been shown to be 
very fruitful for the prediction of the growth forms of organic crystals 
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[18 ]. Also this recepie has been used by Hartman and coworkers [19]· We 
have used E and E to predict the growth form and M.I. of the F fa­
ces of apatite [9]. 
(ii) The sum and product of two edge energies ε. and ε-. The crystal graphs 
under consideration are cut along two (overall) crystallographic directions 
having the lowest possible edge energies. It was shown before that ε. + 
ε» gives the relative M.I. according to special growth theory and e- ε_ 
the M.l. according to two dimensional nucleation theory [7] . e. and ε-
are edge energies per mesh area or stoichiometric unit in the two direc­
tions respectively. 
(iii) The Ising temperature θ 
Ising temperatures are determined according to the statistical mechanical 
formalism implemented on a computerprogram according to ref 6, 8 by cal­
culating at which value of θ the edge free energy between solid and fluid 
domains becomes zero. 
In order to be able to carry out the calculations the complex planar 
nets must be transformed in rectangular nets. It has been shown in refs. 
[6, 7, 10] that this always can be done by allowing bond energies infinite 
and zero, provided the connected nets are real planar nets. In case nets 
are not planar, i.e. they contain more floors of planar nets or crossing 
bonds, the formalism of ref. [8, 16] does not apply. However, weaker and 
stronger planar nets may be found than the real non planar net under con­
sideration and then lower and higher bounds of θ can be calculated. In 
the following we will present some examples of this (see further refs. 
[6, 8, 16] ). 
Apart from the real structure of the connected net also the ratio of 
the bond energies must be known for the calculation of θ . According to 
the theory bond energies have the form 
0 = a 5 f - i (0 S S + 9ff) (2) 
where s and f refer to solid and fluid respectively and the corresponding 
bonds to solid-fluid etc., all bonds are referenced to the vacuum. 
Since for the interface solid-fluid sf and ff bonds are not known we in­
troduced before the proportionality relation: for two bonds i and j of the 
crystal graph we assume that 
0. : 0. = 0*S : 0!5 (3) 
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It follows from eq (3) that if the ratio of the bonds 0 are known con­
sequently also the ratio of the bonds 0 is known [6 - 10] . 
We will test in this paper for the connected nets of apatite determi­
ned before [9] whether the following relations between connected nets are 
val id: 
if Θ' > ^ 
then E ^ i c e > E " l i c e 
and (^гЬ > ( e 1 e 2 ^ 2 
and ( e 1 + ε 2 ) 1 > ( e 1 + c^)^ 
and d- > d_ 
ε. and ε- stand for the lowest edge energies within F slice (h к 1) 
within two crystallographic directions. 
d. . . stands for the interplanar thickness and this corresponds to the 
classical Bravais-Friedel and Donnay-Harker laws [20 - 22]. 
The relations (M seem to be reasonable, because the "stronger" the nets 
the higher E ' e, the higher the edge energies the larger the thickness 
and the higher its Ising temperature θ . 
In case of two alternative connected nets for one face ( h к 1) we 
will also test these relations (4). 
Finally we will make a sequence of decreasing E etc. of the F faces 
on the basis of (2), taking in case of two alternatives the stronger net 
(i.e. with the highest Ε , ε.ε., ε1 + ε_ and θ ). 
We will then test the hypothesis: 
If connected net 1 is stronger than 2 according to (Ό then 
M.l^ > м.і.2 (5) 
In this paper we will focus our attention to apatite. Recently 18 connected 
nets were identified [9 ]· So there are quite a lot of connected nets, 
more over some of them are very complex. So it is interesting to test hy­
pothesis (k) and (5), using for the observed M.I. data based on I80 dra­
wings from Goldschmidt [23 ] for this most important phosphate mineral, 
which plays a keyrole in biology in teeth and bone. 
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Fig. 1. Example of a simple planar net: the F slice (Ï230) . 
ε [120] and ε [001 ] are two directions with lowest energy. 
ггшт 
Fig. 2. Ising net of the F slice (Ï230). The simple planar net has been 
transformed by allowing bond energies zero (bonds not drawn) and 
infinite (bonds drawn in dashed lines). 
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2. Structure of some characteristic F slices or connected nets 
The F slices of apatite can be divided into three different types ac­
cording to their structure. These types are: (i) simple planar net, (ii) 
planar net with crossing bonds and (iii) non-planar or double net. Exam­
ples of these types are given in figs. 1, 3 and 5 respectively. The dra­
wings are not to scale and somewhat idealized. 
3. Transformation of the characteristic nets into rectangular Ising nets 
3.1. Simple planar net 
Simple planar nets like (1230), which is shown in fig. 1 can be 
transformed into rectangular Ising nets by allowing bond energies zero 
and infinite. The result for the net of fig. 1 is shown in fig. 2 where 
now all nodes have four bonds (bonds with zero bond energy have not been 
drawn; the dashed lines represent bonds with infinite bond energy). 
For such an Ising net as shown In fig. 2 the Ising critical temperature θ 
can be calculated (see ref. [ 8 ] and table 1). 
3.2. Planar net with crossing bonds 
For planar nets with crossing bonds like (1121). in fig. 3 a range for 
θ will be calculated. This will be shown for the example in fig. 3· The 
problem of crossing bonds can be overcome by taking one of the crossing 
bonds (the weaker if appropriate) zero. Then a weaker net (fig. ^a) is 
obtained as compared to the original net, which can now be transformed in­
to an Ising net according to the rules given for a simple planar net in 
section 3.1. From the Ising net the low value of the θ range can be cal­
culated (see table 1). 
The high value of the θ range is obtained as follows. Now appropriate 
bonds are taken infinitely strong as shown in fig. hb. The spin state 
(i.e. solid or fluid) of the ions connected by an infinitely strong bond 
is always the same and the bonds with other ions can be taken between 
either of the ions of the infinitely strong bond. This solves the problem 
of crossing bonds as is shown in fig. kc. The simple planar net which 
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PO4 Ca OH 
Sil] 
Fig. 3. Planar net with crossing bonds: the F slice (1121). E [ 1 T 0 ] and 
e [Oil] are two directions with lowest energy. 
Fig. k. Sections of the planar (1121). net of fig. 3 containing the 
crossing bonds. The crossing bonds can be eliminated by allowing 
for bond energies zero (fig. 4а) or infinite as shown in fig. ^b 
which is equivalent to fig. he because the spin state (i.e. solid 
or fluid) of the ions connected by an infinitely strong bond is 
always the same. 
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Fig. 5. Example of a complex non planar net: the F slice (1010).. The 
structure consists of interconnected floors ε[010] and ε[001] 
are two directions with lowest energy. 
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Fig. 6. Transform of the complex non planar (1010). net of fig. 5 into 
a planar net by allowing bond energies zero. The planarness can 
be visualized by assuming that the top and bottom floor are 
pulled up respectively down. 
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Fig. 7· Transform of the complex non planar (lOTo). net of fig. 5 into a 
planar net by allowing bond energies infinite (bonds drawn in 
dashed lines). The planarness can be visualized by unifying the 
ions which are connected by dashed lines. 
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Table 1. The order of morphological importance of F slices of apatite according to different 
criteria. The M.I. is given between brackets and the observed M.I. is given in the 
ι ,. ι ..slice . , . , ^ . . _Ca-P0, . , 
last column. Ε , ε. and ε. are expressed m number of equivalent 0 ч bonds 
per unit cell volume and θ is a dimensionless temperature. 
hkil 
(1010), 
(ioTo)2 
(0111), 
(oiTi)2 
(1120), 
(1120)2 
(1121), 
(1121)2 
(0221), 
(0221)2 
(0002) 
(0112) 
(2130) 
(1230) 
(2131) 
(1231) 
(1122) 
d h k 
8.17 
8.17 
5.26 
5.26 
4.72 
4.72 
3.88 
3.88 
3.51 
3.51 
3.44 
3.17 
3.08 
3.08 
2.81 
2.81 
2.78 
, ( 8 ) 
(1) 
(2) 
(3) 
(4) 
(5) 
(6) 
(7) 
(8/9) 
(8/9) 
(10/11) 
(10/11) 
(12) 
Eslice 
45.(1) 
44 -
39 
39 ( 2 ) 
35 -
38 (3) 
31 (5) 
30 -
28 
2 8 (6/7/8) 
33 (4) 
26 (9/10) 
28 (6/7/8) 
28 (6/7/8) 
23 (11/12) 
23 (11/12) 
26 (9/10) 
ε, ε 2 
100 (1) 
60 -
30 
30 <2> 
24 (3) 
16 -
12 (5) 
4 -
8 
8 ( 8 /9) 
15 (4) 
8 (8/9) 
9 (6/7) 
9 (6/7) 
4 (10/11/12) 
4 (10/11/12) 
4 (10/11/12) 
ε,
 +
ε 2 
20 (1) 
15І -
11 
и (2/3) 
11 (2/3) 
10 -
7 (7) 
4 -
6 (8/9) 
8 (4) 
6 (8/9) 
П (5/6) 
П (5/6) 
4 (10/11/12) 
4 (10/11/12) 
4 (10/11/12) 
с 
2.070 -6.872 
2.602 -4.943 
2.139 -3.958 
2.190 -2.461 
1.867 -2.436 
2.395 -2.970 
2.039 -2.163 
1.608 -1 .718 
1.499 
1.697 
1.976 -2.191 
1.782 
1.731 
1.731 
1.335 
1.335 
1.485 
(1) 
(2) 
-
(3) 
(4) 
(9) 
(5) 
(6) 
(7/8) 
(7/8) 
(12/13) 
(12/13) 
(11) 
observed {%) 
97 
72 
64 
72 
59 
89 
54 
11 
40 
23 
(1) 
(3/4) 
(5) 
(3/4) 
(6) 
(2) 
(7) 
(10) 
(8) 
(9) 
results can be transformed into a rectangular Ising net according to the 
rules discussed in section 3-1 and then the high value of the θ range 
can be calculated (see table 1). 
3.3. Complex non-planar net 
For complex non-planar nets like (1010), in fig. 5 also a range for 
θ will be calculated. This will be shown for the example in fig. 5· 
The low value of the θ range is obtained as follows. Appropriate bonds 
are taken zero as shown in fig. 6. Now a simple planar net is obtained 
which can be visualized by pulling up and down respectively the upper and 
lower floor of the structure of this slice. This simple planar net can be 
treated according to the rules of section 3.1 in order to obtain a rectan­
gular Ising net from which the low value of the θ range is obtained (see 
table 1). 
In order to obtain the high value of the θ range appropriate bonds are 
taken infinitely strong as is shown by the dashed lines in fig. 7. This 
results in a planar structure which can be visualized by taking the ions 
connected by Infinitely strong bonds as one unit. The bonds between such 
units are totals of the ¡nterunit bonds of the individual ions of each 
unit. The simple planar net that results is treated according to the rules 
of section 3·1 and the high value of the θ range 
the resulting rectangular Ising net (see table 1). 
can be calculated from 
't. Application of different criteria for the determination of the 
morphological importance of F faces 
The different criteria which can be used for the determination of the 
M.I. of F faces have been mentioned already in section 1.2. These criteria 
were: the interplanar distance d. . ., the slice energy Ε , the pro­
duct of the edge energies ε-ε-, the sum of the edge energies e. + e- and 
the Ising critical temperature θ . 
All these criteria have been applied to the F faces of apatite and the 
results are shown in table 1. The values of ε.ε- and e. + e- and also of 
с sii ce 
θ have been calculated in this study, E has been calculated before 
and was obtained from ref. [9] , and d, , . was obtained from JCPDS card 
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In figs. 1, 3 and 5 it has been shown as an example how the edge ener­
gies of the characteristic nets were obtained. The cuts through the crystal 
graphs are shown. 
It has to be noted that e. and ε- are expressed in bonds (that are cut) 
per unit cell volume. Since (0002) only contains half a unit cell per mesh 
area, proper comparison with the other nets has been obtained by multi­
plying the smaller of ε- and ε. by two. 
5· Conclusion and discussion 
In case of an under- and overest¡mation of the actual θ value for the 
most complicated nets, sometimes a rather big range for θ is obtained. 
This can give some overlap of the θ range of different nets and conse­
quently some uncertainties in the order of morphological importance (M.I.). 
The order of M.I. in the table is based on mean values of θ in case of a 
range of θ . This is just an approximation since for one complex net in 
order to make it planar more bonds have to be left out or made infinitely 
strong than for the other net and the effect on θ of leaving out one bond 
is not the same (but opposite) as making one bond infinitely strong in 
case of one particular net. 
It appears from table 1 that the relations between connected nets as 
given by equation {k) (section 1.2) are in general fulfilled and are never 
severly violated. 
Since we already concluded [9 ] that the agreement between the predic­
ted M.I. (based on E · ) and the observed M.I. was quite good it follows 
that hypothesis (5)- if connected net 1 is stronger than 2 according to (Ό 
then M.I.- > M.I.-1 is also in general true. 
The classical criterion of the interplanar distance d. . , gives a 
good prediction of the M.I., which is to be expected in case of a complex 
structure like apatite where the strong bonds are more or less evenly di­
vided in the unit cell. This makes the "strength"1 of a connected net roughly 
proportional to its thickness (see also ref. [ 1 ] ). 
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CHAPTER VI I 
CRYSTAL MORPHOLOGY OF OCTACALCIUM PHOSPHATE 
THEORY AND OBSERVATION. 
R.A. Terpstra, Institute of Dental Materials Science, 
Catholic University of Nijmegen. 
P. Bennema, R.I.M. Laboratory of Solid State Chemistry, 
Catholic University of Nijmegen. 
Abstract 
The crystal growth of octacalcium phosphate (OCP) (CagH-fPO.),. 
5H„0) is thought to be of great importance for the growth of calcified 
tissues like enamel, dentin and bone. The growth form of OCP is predicted 
on the basis of the Hartman-Perdok theory. Thirty four F slices are iden-
tified and the order of morphological importance, based on the attach-
ment energy is given and compared to the few literature data on the 
morphology of synthetic OCP crystals. The predicted and observed morpho-
logy agree wel 1 . 
The suggestion in the literature (Brown et al, Prog. Cryst. Growth 
Charact 't, 1-2 (198I) 59-8?) for the choice of boundary (i.e. surface 
structure) of the important {100} form, which plays a key role in the 
proposed mechanism for the growth of OCP and hydroxyapatite, can now be 
supported by physical arguments based on the attachment energy. 
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1. Introduction 
The crystal growth of octacalcium phosphate (OCP), Ca0H (PO,),. 
8 2 ч 6" 
5H-0, is thought to be of importance for the growth of renal stones, 
dental calculus and the mineral particles in calcified tissues like 
enamel, dent in and bone [1-6] and is also gaining interest in industries 
in connection with the precipitation (scaling) of calcium phosphates in 
general due to the increased phosphate concentrations in rivers and lakes 
[7]. 
The prototype for the mineral of calcified tissues like enamel, 
dentin and bone is hydroxyapatite (ОНА), Ca 1 0(PO.)^(0Н) 2, with 
hexagonal space group P6,/m. (The space group of OCP is triclinic PI). 
The crystal morphology of bone, dentine and young actively calcifying 
enamel crystallites however is plate or ribbon like and the thin plates 
are elongated along the crystal lographi с с axis [8-1Ό, which is not 
consistent with the apatite symmetry. This plate like habit is thought 
to be due to the involvement of OCP in the first stages of crystal growth 
of bone and tooth tissues. Although OCP is thermodynamically metastable 
with respect to ОНА and calcium deficient apatites, OCP forms first due 
to kinetical reasons and is then (partly) hydrolized to apatite [Ί]. 
Alternatively it has been suggested that the low symmetry of biological 
apatitic crystals Is due to a lowering of the apatite symmetry due to 
the ordering of OH and OH-columns to P2./b [15], but this is unlikely 
because the Ca - OH bonds are not very important for the morphology of 
apatite crystals [16] and there still exists a strong hexagonal pseudo-
symmetry in monoclinic hydroxyapatite. 
In this paper we will determine the growth form of OCP on the basis of 
the Hartman-Perdok theory [17-20]. Essential in this theory are the 
concepts of periodic bond chain (PBC) and F face. A PBC is an uninterrup­
ted path of strong bonds in the crystal structure having a period [UVW] 
of the lattice. An F face is a crystallographiс face (hkl) in which two 
or more sets of PBCs are interconnected. The morphology of a crystal 
structure is determined by the set of F faces of the crystal structure. 
We will determine the most important PBCs and F faces of OCP and the 
order of morphological importance (M.I.) of each F face. The M.I. is 
defined as a statistical measure for the relative frequency of occurrence 
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and/or the relative size of the faces of the form {hkl} (the set of faces 
which are equivalent through the symmetry operations of the space group 
of the crystal structure under consideration). 
There are different criteria to be used to determine the order of 
the F faces of a crystal structure in which they contribute to the 
morphology of the crystal. 
We will use in this paper the criterion of the attachment energy E 
[17,21]. The smaller EJj", the higher the M.I. of the F face (hkl). The 
attachment energy is defined as the energy which is released when from 
the vacuum a stoichiometric unit attaches to a crystal face. The slice 
energy, E , is the energy of a stoichiometric unit and is complemen­
tary to E . The sum of both is the crystallization energy, Ε , which 
is a bulk property and, unlike E and E independent of the F face 
under consideration. 
Other criteria which can be used to determine the order of morphological 
importance of F faces are the classical interplanar distance d.. . [2i-2k], 
the sum and the product of the edge energies e and ε. (see ref [25])and 
the Ising critical temperature 0 [26] of an F face (see for example ref. 
[27] where all these criteria are used and compared to each other). 
In order to use the criterion of the Ising critical temperature 
Θ the growth units are reduced to centres of gravity and the crystal 
structure is in fact reduced to a crystal graph. A crystal graph is 
defined as a set of an infinite number of interconnected points, which 
fulfils the symmetry of one of the 230 space groups [28,29]. In such 
a crystal graph connected nets also called F slices, which run parallel 
to F faces can be determined. Connected nets can be transformed into 
planar rectangular Ising nets by allowing for bonds of strength zero 
and infinite. For each net an Ising temperature can be calculated below 
which the F face parallel to the net grows flat and above which the 
surface of the F face roughens up [29]. The higher 0 of an F face 
(connected net) the higher the M.I. 
In this paper we will also use the concept of crystal graph but no 
attempt is made to calculate θ values. Generally, the connected nets 
of OCP are much more complex than those of the apatite structure which 
we analysed before [16]. For the most complex (double) nets of the 
apatite structure we had to make an over-and an underestimation of Θ 
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in order to be able to make the net planar. This gave a sometimes great 
range for the actual θ value. For OCP this range would even be greater. 
But on the other hand it appeared from the apatite analysis that the 
prediction based on the criterion of E runs quite parallel to that 
based on θ , so that we may expect this criterion to also give good 
results for the OCP structure which resembles the apatite structure 
quite a lot. 
In the end we will compare the prediction of the morphology of OCP 
crystals with the few data from the literature on the morphology of 
synthetic OCP crystals. 
2. The crystal structure of octacalciumphosphate 
2.1. Chemical composition, structure and space group 
Octacal ci umphosphate (OCP) can contain various amounts of water 
of crystallization which can easily enter or leave the structure through 
channels within the hydrated layer (see below). With the maximum amount 
of water of crystallization Its chemical formula Is CaRH2(PO, ),.SH-O. 
The crystal structure of OCP resembles the structure of calcium-
hydroxyapati te with formula Са.ЛРО^)^ (OH) 
In ref [1] it was first shown that OCP consists of apatitic and hydrated 
layers. This is also shown in fig 1 and 2 by projections of the crystal 
structure of OCP and apatite in the [001] directions. 
The space group of hydroxyapatite is P6,/m and the space group of 
OCP is ΡΪ with cell parameters a = 19.87 8, Ь = 9.63 S, с - 6.87 8, 
a = ВЭ0 , 8 = Э г ^ З ' and γ = Ю ^ ' [1]. 
Under physiological conditions OCP is metastable with respect to ОНА 
and it is know to hydrolyse to ОНА [k]. 
2.2. Types of bonds and pseudosymmetry 
In our analysis we will only consider strong first neighbour bonds 
and only those bonds that are formed during the crystallization process. 
For OCP this means that only Ca - PO. bonds will be considered since PO. 
as a whole is a growth unit. The OCP unit cell countains 84 Ca - PO. 
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•Φ—-P(14) 
•-••*•—Ι-Ο—Θ
1
··*-.-^ -· Ca(3) 
strong bond Са(4) 
Projection in the [001] direction of the OCP crystal structure. 
One unit cell Is shown and the so called apatltlc (compare fig 
2) and hydrated layer have been indicated. The position of the 
centres of symmetry is shown. P O O , Ca(3) , CaCi) and the term 
"strong bond" refer to [1] and section 2.2. 
a/ 
(/--•-rv--0-·—о •-σ-
Projection in the [001] direction of the hydroxyapati te crystal 
structure showing one unit cell. 
bonds of which Ц2 are essentially different. For apatite we have shown 
[16] that on the basis of the coulombic interaction the Ca-PO. bonds are 
very close to each other. This will also apply to the apatitic layer of 
OCP. The Ca-PO, bonds related to the hydrated layer of OCP are of the 
same order of magnitude as those in the apatitic layer except for the 
bonds between Ca (3) and PO. with Ρ(ΐΌ (see ref [1] and fig. 1). We will 
"replace" the two weaker bonds between Ca (3) and two equivalent PO, ions 
with P O O for one strong bond between Ca(3) and P(lO as indicated in 
fig. 1. When the growth units of the crystal structure are reduced to 
centres of gravity and when the cell constants α and β are both taken 
90 (as we have also done in our projections) instead of 89 17' and 
92 13' respectively a pseudomirrorplane is introduced if only the bonds 
are concerned. This pseudomi rrorplane is perpendicular to the crystal lo-
graphic c-axis and runs through the plane of the centres of gravity 
representing the phosphate groups (approximately). The centres of symmetry 
of the OCP crystal structure are exactly in between the pseudomi rrorplanes 
so that the symmetry of the crystalgraph is now Р2./т. This will simplify 
the otherwise even more complex PBC analysis of the OCP structure since 
fewer PBC directions need to be investigated. The approximation of one 
strong bond instead of two weaker bonds will not create additional 
F si ices. 
In fig. 6 the different bonds are shown (see also section 5). 
In figs k,5 and 6 the length and direction of the crystallographic axes 
are shown starting from the same origin (different from ref [1]) which 
will help to visualize the crystal structure of OCP. 
3. Application of the Hartman-Perdok theory to OCP. 
3.1. Geometrical criterion to search for the most important PBC 
di reet ions. 
According to the Hartman-Perdok theory [17-20], the morphology of 
a crystal is governed by uninterrupted chains of strong bonds running 
through the structure and having a period [uvw] of the lattice. Such a 
periodic bond chain (PBC) is not necessarily stoichiometric (primitive 
PBC) but can be made stoichiometric (complete PBC) by adding growth units 
to the PBC. Only the strong bonds that are formed during the 
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crystallization process are relevant. 
It is expected that the shortest translation distances of the 
lattice are potential PBC directions and these are investigated systema­
tically. The PBCs that have been used in the analysis have been indicated 
in fig. 3. 
3.2. Geometrical criterion for the search of F slices. 
Crystallographic faces which consist of two or more sets of inter­
connected PBCs are called F faces and these F faces determine the crystal 
morphology [17-20]. F slices run parallel to F faces. 
According to the classical laws of Bravais-Friedel [22], Donnay-
Harker [23] and Donnay-Donnay [2Ό the morphological importance (M.I., 
see section 1) of a crystal form {hkl} decreases with decreasing Inter-
planar spacing d,, . taking into account screwaxes, glide planes and 
pseudosymmetric features. 
We will investigate the crystal forms {hkl} of OCP with decreasing 
interplanar spacing d . . which are parallel to two or more PBC directions 
(see ref [30], table 1 and also section 3-3.) 
3.3. Survey of potential F slices using a stereographiс projection. 
The most important PBC directions from section 3.1. are drawn in a 
stereographic projection and the points of intersection are faces that 
are parallel to two or more PBC directions and so they are potential 
F faces (see fig. 3). These potential F faces are examined in one or 
more of the projections in three different PBC directions (section Ί) in 
order to find out whether the PBCs are interconnected. We will use the 
criteria which were developped in ref [29] for so called connected nets 
which are also F slices. 
We will recall these criteria here: (1) the whole crystal graph, 
defined as an infinite set of points and connections between these points 
which fulfils the symmetry of one of the 230 space groups must be parti­
tioned into independent connected nets and (2) the set of basic connected 
nets must be invariant under those symmetry operations which leave the 
direction of the reciprocal vector H , . . perpendicular to the F slice r
 - nhnknl , r r 
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410 
410 
Fig. 3 Stereographic projection of OCP (pointgroup Ï). The points of 
intersection of the zones parallel to a PBC direction are poten-
tial F faces. The faces marked with a dot (!) appeared to be 
real F faces after investigation, the faces marked (0) are F 
faces due to the pseudosymmetry P2./m. 
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(nhnknl) invariant or change it into - Η , , .. 
- nhnknl 
This second criterion implies that the symmetry elements meant above can 
only be at the border of a (potential) F slice or exactly in the middle. 
This means that for a potential F face (hkl) there are in principle two 
alternative (potential) F slices (hkl). _ shifted i d,, . in reference 
to each other. The borders of the two alternative potential F slices can 
be drawn in the appropriate projection using the position of the relevant 
symmetry elements. It is then investigated whether real connected nets or 
F slices exist between the border lines. 
For each alternative real F slice more alternatives can be found by 
attaching or detaching ions along the borderline, but as soon as assump­
tions have been made about the bond strength in the crystal it is clear 
how the borderline of a slice has to be drawn and what the position of 
a growth unit (along the border) in the slice has to be to make the slice 
as strong as possible. In the case of two alternative connected nets, in 
general one will be the stronger. 
3.5. Labeling of PBCs and F slices 
In principle PBCs can be labeled [uvw] according to the period of 
the crystal structure, χ distinguished between different PBCs with the 
same period [16,25]. 
Since we are only interested in the F slices or connected nets it is not 
necessary to label the PBCs. In the projections of figs, k,5 and 6 there 
are many primitive PBCs which have been taken together in an arbitrary 
way. From the choice of boundary of the PBC it is clear which growths 
units (ions) belong to the slice or net under consideration. The PBCs 
drawn in the figs 4,5 and 6 are seen end on. 
The F slices are labeled (hkl) where h, к and 1 are Miller indices, 
and ζ = 1 or 2 but only used in case of two alternative F slices. 
k. Projections In three different PBC directions 
4.1. Projection in the [001] direction. 
It can be seen from fig 4 that 12 F slices are determined in this 
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projection. These slices are: (120), (100).
 2, (010^ 2, (310), (110), 
(Ï10), 2' ( 5 ΐ 0 ) 1 , 2 · ^ 2 0 ) · 
The slices (1θΟ)1 2, (0101 2, (110^ and (210)1 2 are shifted 
i d 1 0 0, ¿ d 0 1 0, i dy10 and ¿ dj 1 0 respectively in reference to each 
other. 
k.Z. Projection in the [010] direction 
In fig 5 it is shown that 10 F slices are determined in this pro-
jection. These slices are: (201). ., (301)
 2, (001)1 2, (101)1 2, 
(100)1 2 which are shifted ¿d201 , ¿ d301 , i d001 , i d^ and ¿ d 1 0 0 
respectively in reference to each other. The slices (100). _ had been 
determined already. 
Ό . Projection in the [011] direction 
In fig 6 the projection in the [011] direction is shown and it can 
be seen that 16 F slices are determined. These slices are (100). ., 
(Ï11),
 2, (211)1 2, (311), 2, ( 5 " ) , 2, i 0 1 1 ) , 2, ( m ) , 2, ( z " ) , ^ . 
These slices are shifted ¿ d 1 0 0, i d y n , ¿ d^,, i dj,,, ¿ djj^, i d011, 
¿ d... and i d... respectively in reference to each other. The slices 
(100). _ had been determined already. 
5. Order of morphological importance of F slices on the basis of the 
attachment energy 
In table 1 the attachment energy is given for each F slice and on 
this basis its order of M.I. In section 1 it was mentioned that 
Eatt + Eslice = Ecr 
The cristal 1 izat ion energy (E ) of OCP equals β1» (mean Ca-PO,, bonds per 
unit cell contents I.e. 2 χ CagH (PO.L.SH.O; see also section 2.2.). 
The cristal 1izat¡on energy is constant and for the sake of control we 
have also calculated the slice energy for each slice. 
Below we will give an example of how E and E are calculated. 
In fig. 6 showing the projection in the [011] direction the k2 essentially 
different Ca-PO. bonds have been shown. In case of "clustering" of ions 
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in the projection, only the number of bonds with the cluster has been 
given. From this fig 6 it can be seen how E and E for the slice 
(100), can be found. Part of the PBC [011] of the (100) slice has been 
drawn and it is to be noted that this PBC is centrosyimetric and that 
the identical PBCs of (100). are related through a centre of symmetry. 
ES ,ce is calculated from the number of bonds in the PBC [01Ï] of (100) 
(i.e. 2 χ 25) and the number of bonds between two identical PBCs [011] 
of (100) (I.e. 2 χ 11). So E s , ' c e = 72. # " is equal to the number of 
bonds between two neighbouring slices (100). and equals 12 as can also be 
seen from fig 6. 
-ru ^ ιι· rCr . ,, . ..slice , _att . , 
The crystallization energy, E is the sum of E and E and equals 
BA (Ca-PO, bonds per cell content). 
Fig. k (part of) see also next page 
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(юо) 
(010), 
010) 
(320) 
(110), 
(HOL 
(120) 
Fig. k Projection in the [001] direction. See section k.\, 
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(001) 
(201), 
Fig. 5 Projection in the [010] direction. See section 't.2. 
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(Oil), 
•0
0o>?./<2">, 
Fig. 6 (part of) see also next page 
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(111). 
Fig. 6 Projection in the [Oil] direction. See section 4.3. 
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Table 1. The interplanar distance d... (réf. [30]) of the faces which 
were investigated is given as well as their character (F for a face with 
two or more sets of interconnected PBCs, S for a face with only one set 
of parallel PBCs). For the F slices the attachment energy is given and 
also the morphological importance based on the attachment energy. The 
attachment energy is expressed in number of Ca-PO. bonds per cell content. 
hkl dhk) (8) Character E 3 M.I (Eatt) 
ioo1 
ioo2 
Ï10, 
ϊιο2 
oio1 
010, 
210, 
210 2 
110 
001, 
ooi 2 
101, 
ioi 2 
310 
210 
ill, 
iii 2 
201, 
201 2 
011 
011 
211, 
211 2 
111, 
iii 2 
¡¡10 
Ï20 
18.5 F 
18.5 F 
э.^г F 
9.'•г F 
9.12 F 
9.12 F 
7.9 F 
7.9 f 
7.35 F 
6.87 F 
6.87 F 
6.І.5 F 
6 Л 5 F 
6.10 F 
5 . 7 ; 
5.56 F 
5.56 F 
5.5*· F 
5.5*» F 
ЪМ F 
5.^9 1 
5.18 l 
5.18 
5.02 1 
5.02 
lt.82 
l».80 
't 
12 
10 
2i) 
12 
2it 
18 
22 
22 
18 
18 
18 
20 
20 
24 
28 
24 
24 
24 
24 
• 22 
26 
26 
28 
32 
1 
-
2 
-
3 
-
4/5/6 
-
8/9 
4/5/6 
4/5/6 
-
7 
10/11/12 
-
10/11/12 
10/11/12 
8/9 
-
13 
-
16/17 
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301, 
3012 
311, 
3ii2 
310 
211, 
2112 
320 
120 
üii, 
5ii, 
4.63 
4.63 
4.57 
4.57 
4.53 
4.39 
4.39 
4.38 
4.14 
3.96 
3.96 
F 32 
F 34 
F 30 
F 38 
F 34 
F 34 
F 28 
F 36 
F 44 
16/17 
-
15 
-
18 
14 
19 
-
6. Conclusion and discussion 
There are very few data In the literature on the morphology of 
synthetic OCP crystals [1,31.32]. These data can be summarized as follows: 
the synthetic OCP crystals are {100} blades which are elongated along the 
с axis and bordered by the forms {010}, {001}, and {011}. 
Our analysis also predicts {100} blades and the bordering forms 
mentioned In the literature are all F faces according to our analysis. 
For {010}, {001} and {011} the predicted order of morphological impor­
tance according to our analysis is respectively 3, 4/5/6 and 10/11/12. 
The {110} form with a M.I. of 2 is missing in the literature data while 
the {011} form scores relatively low in our analysis compared to the 
literature data. Generally the comparison between the predicted and 
observed morphology is quite good, but the literature data are too few 
to make a more than global comparison. 
If a computer drawing is made in which the linear growth rate R of 
each F face is taken equal to the attachment energy E of that F face, 
a crystal with a very poor morphology is obtained. The crystal is 
elongated along the с axis and the {100} blades are bordered by {110} and 
{001} (see fig 7). 
It has to be noted here that, according to ref [4] the choice of 
the boundary of the important {100} form of OCP has major implications 
for the (proposed) growth of OCP and ОНА. The choice of boundary of ref 
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[4] agrees with what we have called (100), in our analysis and it 
was based on the argument that this slice contains the complete apatitic 
,ayer. We can now provide physical arguments, based on the^attachment 
energy for the choice of (100), because since E ^ , ^ < ^ ( ю о ^ ' I 1 0 0 ) , 
will determine the boundary of the F face (100). 
.001 
110 
Fig. 7 Growth form of OCP on the basis o f the attachment energy. 
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SAMENVATTING 
Het eerste deel van het proefschrift handelt over de stabiliteit van 
magnesium bevattende calcium fosfaten. Nagegaan wordt in welke calcium 
fosfaten magnesium kan worden gesubstitueerd en in welke mate. 
Het onderzoek beschreven in het eerste deel van dit proefschrift is ge­
baseerd op vaste stof synthesen bij 1000 С en heeft als kern de bepaling 
van het ternaire fasen diagram CaO-MgO-P.O. bij 1000 С voor samenstellingen 
met Ρ^Ος * 33-3 nral procent. 
In het tweede deel van het proefschrift wordt een theoretisch onder­
zoek beschreven naar de relatie tussen de kristalstruktuur van twee ver­
schillende calcium fosfaten en de morfologie van kristallen van deze twee 
calcium fosfaten (cal eiumhydroxyapatiet en octacalciumfosfaat). Op grond 
van een (PBC) analyse van de kristalstruktuur van beide fosfaten wordt 
een voorspelling gedaan over de morfologie (op grond van de attachment 
energie, maar voor apatiet ook op grond van de Ising of verruwingstempe-
ratuur van de z.g. F vlakken). 
Het ook in het fasen diagram voorkomende calciumhydroxyapatiet is een zeer 
belangrijk biologisch zout, het vormt het prototype voor de gecalei ficeerde 
weefsels, tandglazuur, dentine en bot. 
De kristalstruktuur van octacalciumfosfaat (OCP) lijkt op die van apatiet 
en OCP is ook aanwezig in bot en speelt mogelijk als z.g. precursor fase 
van apatiet een belangrijke rol bij de groei van gecalei ficeerde weefsels. 
Uit de resultaten van het onderzoek beschreven in het eerste deel van 
dit proefschrift blijkt dat er drie calcium fosfaten gemaakt kunnen worden 
waarin Mg kan worden gesubstitueerd maar ook dat Mg niet in het apatiet 
rooster kan worden ingebouwd. Het lijkt er op dat in ieder geval een deel 
van het Mg in tandglazuur niet in het apatiet rooster is ingebouwd. In 
dat geval blijven de mogelijkheden over dat Mg is geadsorbeerd aan de 
tandglazuurkristallen, dat Mg in een aparte minerale fase (waarvoor geen 
directe aanwijzingen zijn) aanwezig is of dat het verbonden is met de niet 
minerale fase (organische matrix) van tandglazuur. 
In dit eerste deel is ook een manier beschreven om bij hoge tempera­
tuur twee typen carbonaat bevattend apatiet te maken d.w.z. apatiet waar­
in carbonaat voor verschillende ionen is gesubstitueerd. 
Uit het tweede deel van het proefschrift blijkt dat de voorspelling 
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van de morfologie van apatiet en OCP kristallen goed overeenkomt met de 
waargenomen morfologie. Ook blijkt, voor apatiet, de voorspelling op grond 
van de attachment energie goede overeenkomst te vertonen met de voorspel-
ling op grond van de verruwingstemperatuur. 
Op grond van de analyse van de apatiet kristalstruktuur lijkt de suggestie 
uit de literatuur dat de lage symmetrie van biologische apatietachtige 
kristallen te wijten is aan een verlaging van de apatiet symmetrie (van 
hexagonaal naar monoklien) onwaarschijnlijk. 
Het ligt meer voor de hand dat de plaatjesacht¡ge morfologie een gevolg 
is van het feit dat OCP een rol speelt bij de groei van biologische apa-
tiet kristallen hetgeen ook in de literatuur wordt gesuggereerd en waar-
mee de analyse van de OCP kristalstruktuur en de voorspelde morfologie 
zoals beschreven in dit proefschrift in overeenstemming zijn. 
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Levensloop 
Rinse Alle (Rinnie) Terpstra werd geboren op 29 oktober 1952 in Treebeek 
(Heerlen). Na de HBS-B opleiding op het Grotius College te Heerlen stu-
deerde hij scheikundige technologie aan de Technische Hogeschool in Eind-
hoven. In 1977 studeerde hij af bij de vakgroep vaste stof chemie (prof. 
Rieck). Terpstra behaalde de (1 graads) onderwijs bevoegdheid voor 
scheikunde en natuurkunde en werkte van sept. 1978 tot dec. I98I in het 
kader van ontwikkelingssamenwerking als leraar op de middelbare school 
van Lundazi in (het oosten van) Zambia. Van juni 1982 tot juni I985 was 
Terpstra als wetenschappelijk medewerker verbonden aan het instituut 
voor tandheelkundige materialen (prof. Driessens) van de Kath. Universiteit 
te Nijmegen. Mede onder leiding van prof. Bennema (vaste stof chemie, K.U. 
Nijmegen) vond in deze periode het in dit proefschrift beschreven onderzoek 
plaats. Vanaf 1 juni 1985 is Terpstra werkzaam bij het Technisch Centrum 
voor de Keramische Industrie in De Steeg. 
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STELLINGEN 
behorende bij het proefschrift van R.A. Terpstra 
1. Het is niet juist om in het algemeen bij een carieuze lesie 
(beginnend tandbederf) te spreken van een intact oppervlakte 
laagje, nu bekend is dat bij lesie vorming een schijnbaar 
onaangetast maar geremineraliseerd oppervlakte laagje kan 
voorkomen. 
Langdon D.J., Elliott J.C. en Fearnhead R.W., 
Caries Res. (1980) ih, 359 - 366. 
2. De beweringen van Holcomb en Young dat de plotselinge contractie 
van de tandglazuur a-as (Э-ЬЬ - 9.^2 8) tijdens een TGA géén 
gevolg is van verlies van water (IADR (1979) abstract no. 299), 
en dat de hypothese dat "structurally incorporated" water de 
voornaamste oorzaak is van de vergroting van de a-as van tand-
glazuur vergeleken met de a-as van hydroxyapatiet ( 9 · ^ v.s. 
9.'»г 8) (Calcif. Tissue Int. (I98O) 31 , I89), dragen niet bij 
aan een oplossing van de verwarring rond dit thema. 
3. De invloed van de "tortuosity-factor" t op de experimenteel 
waargenomen diffusie-coëfficiënt wordt ten onrechte door Burke 
en Moreno beschreven met de coëfficiënt /t. 
1 2 
Zoals Rietema laat zien dient hiervoor de uitdrukking /t ge-
bruikt te worden. 
Birke E.J. en Moreno E.C. 
Archs. oral Biol. (1975) 20, 327-332. 
Rietema К. (1976) Fysische transport- en overdrachtsverschijnselen. 
Prisma Technica 60, Het Spectrum, Utrecht. 
k. Vanuit keramisch oogpunt bezien is de naam glazuur voor het 
buitenste laagje van een tand niet juist. 
5. Opsomming vervangende uitdrukkingen als etcetera, enzovoorts, 
enzomeer etc. worden ten onrechte gebruikt als ze niet aan-
wezige kennis moeten suggereren. 
6. Het lezen van in kranten gepubliceerde stellingen bij een 
proefschrift wordt interessanter als de faculteit waar het 
proefschrift moet worden verdedigd erbij wordt vermeld. 
7. Gezien de plezierige combinatie van radioluistèren en 
krantlezen, en de onmogelijke combinatie van t.v. kijken 
en krantlezen, besteden (avond) bladen te weinig aandacht 
aan radio programma's en te veel aan t.v. programma's. 
Nijmegen, 21 november I985. 


